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 ABSTRACT 
Study of A Humidty-Swing Carbon Dioxide Sorbent  
Xiaoyang Shi 
Hydration of neutral and ionic species at interfaces plays an important role in a wide 
range of natural and artificial, fundamental processes, including in energy systems as well as 
biological and environmental systems. Owing to the hydration water at the interface, the rate and 
extent of various types of chemical reactions may be significantly enhanced. The hydration of 
ions does not only affect the physical structure and dynamics of water molecules, but also 
chemical energy transfers through the formation of highly structured water complexes that form 
in the bulk water. Indeed, dehydration could promote the energy levels of aqueous compounds. 
These shifts in energy states may receive wide applications such as in energy storage with 
anhydrous salts, enhancement of the free energy of binding ligands to biological systems, and 
gas separation using a water-modified basicity of ionic sorbents. Of particular interest in this 
study is a novel technology for direct air capture of carbon dioxide, driven by the free energy 
difference between the hydrated and dehydrated states of an anionic exchange resin and its effect 
on the affinity of CO2 to the resin.  
In this dissertation, we first demonstrate an unconventional reverse chemical reaction in 
nano-confinement, where changes in the amount of hydration water drive the direction of an 
absorption/desorption reaction, and apply this novel mechanism of controlling the behavior of a 
sorbent to air capture of CO2. The reduction of the number of water molecules present in the pore 






. This phenomenon has led to a nano-
structured CO2 sorbent that binds CO2 spontaneously in ambient air when the surrounding is dry, 
 while releasing it when exposed to moisture. We name this phenomenon of loading and 
unloading a sorbent with water a hydration swing. 
Wide application of hydration swings to absorb CO2 requires a detailed understanding of 
the molecular mechanisms of the hydration induced energy change at the ion hydration/solid 
interface. Using atomistic simulations, the mechanism of CO2 absorption with respect to water 
quantity was elucidated via the explorations of the reaction free energy of carbonate ion 
hydrolysis in a confined nano-environment. Next, based on the understanding of the underlying 
driving mechanism, a systematic study of the efficiency of effective hydration-driven CO2 
capture with respect to different pore sizes, hydrophobic/hydrophilic confined layers, 
temperatures, and distances of cations may further benefit the optimization of the CO2 capture 
system, in terms of the energetically favorable states of hydration ions in dry and wet conditions. 
This part of the research may sheds some insights on future research of designing high efficiency 
CO2 capture sorbent according to adjust the above described parameters.  
This unconventional reverse chemical reaction is not restricted to carbonate ions in nano-
confined space. This is an universal phenomenon where hydrated ions carrying several water 
molecules in nanoscopic pores and in the natural atmosphere under low relative humidity. Such 
formations of hydrated ions on interfaces with the high ratio of ions to water molecules (up to 
1:1) are essential in determining the energetics of many physical and chemical systems. In this 
dissertation, we present a quantitative analysis of the energetics of ion hydration in nanopores 
based on computational molecular modeling of a series of basic salts with the different quantities 
of water molecules. The results show that the degree of hydrolysis of basic salts with several 
water molecules is significantly different from the conventional degree of hydrolysis of basic 













) to hydrolyze water into a larger amount of OH
- 
ions, 




)  from hydrolyzing water. This finding 
opens a vast scope of new chemistry in nanoconfined water. 
Ion hydrations containing interfaces play an important role in a wide range of natural and 
fundamental processes, but are much less noticeable currently. This thesis sheds some lights on a 
vast number of chemical processes of hydrated ion pairs containing interfaces, and design 
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Chapter 1 Introduction and Motivation 
1.1 Motivation for Air Capture CO2 
1.1.1 Current and Future Global Warming Situation 
Global climate change induced by emission of green house gases increasingly attracts 
people’s attention1. Figure 1.1 shows the global temperature rise which is strongly correlated to 
rising CO2 levels. According to the Intergovernmental Panel on Climate Change (IPCC), by 
2050, CO2 emissions will rise from the current 36 Gt/yr to between 48 and 55 Gt/yr, with energy 
demands increasing 40% to 150% increasing over current demand. Atmospheric CO2 will be 
ranging from 535 to 983 parts per million (ppm) by 2100, roughly double the current value of 
402 ppm and far higher than the preindustrial level of 280 ppm. The increase in CO2 
concentration will lead to a global mean temperature change from 1990 to 2100 of between 1.4 
and 6.1 ̊C.  
 







Figure 1.2: Plot of CO2 concentration in atmosphere vs. time (image courtesy K. S. Lackner) 
Figure 1.2 shows various projections of how CO2 levels might increase in the future. 
From 1900 to 2010 the graph shows historical CO2 concentration data. At the year 2010, there 
are several different scenarios. The first one shows CO2 concentration as fossil fuel consumption 
keeps increasing exponentially as before. This scenario will hit 800 ppm quickly in this century. 
The second one holds the amount of  CO2 emission constant at the level of 2010. In this scenario 
CO2 concentration will steadily rise hitting 450 ppm a few years later than in the first scenario. 
450 ppm is deemed to be a threshold beyond which anthropogenic climate change poses a 
serious danger. Third, even if we emit CO2 at 1/3 the rate of today, the CO2 concentration in the 
atmosphere will still increase slowly, but sooner or later it will still pass 450 ppm. The red line 
indicates a scenario where human built systems recover CO2 from the environment and lower the 
CO2 concentration in the air. The IPCC named such scenarios “Negative Emission” which means 
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a permanent removal of the greenhouse gas CO2 from the Earth’s atmosphere. To prevent 
dangerous global warming, attention needs to focus on developing non-fossil energy sources, e.g. 
renewable energy source, CO2 capture from power plants, and also CO2 capture from ambient air. 
1.1.2 Limitations of Renewable Energy on Solving Global Warming 
A study from the Institute for Energy Research shows solar energy, nuclear energy, and 
fossil fuel  are three main energy options for the future. Unfortunately, fossil fuel is behind 80% 
to 85% of total energy consumption today and will likely remain important in the foreseeable 
future. The percentage of different forms of energy consumption is shown as Figure 1.3. 
Moreover, total energy demand is growing. The global economy, especially in developing 
countries, is growing rapidly. It is extremely difficult to restrict the usage of fossil fuel by a 
substantial amount. Nevertheless, renewable energy can decrease the amount of CO2 released 
from fossil fuel, thereby slowing the rate of global warming to some extent, but it cannot yet stop 
the trend of global warming. 
 




1.1.3 The Roles of Air Capture CO2 
The Intergovernmental Panel on Climate Change (IPCC) claims CO2 emissions must be 
reduced between 85% and 30% by 2050 to stabilize the atmospheric CO2 concentration between 
350 and 440 ppm
2
. Emission from coal and other fossil fuel would have to be essentially 
eliminated
3
. However, moving the energy infrastructure away from fossil fuels to renewable and 
nuclear energy resources is a challenging task. CO2 capture and storage (CCS) from point-
sources allows power plants and steel and cement production to continue to use fossil fuels, 
while largely reducing their CO2 emission. Capturing CO2 from ambient air could address mobile 
CO2 emissions, like those from automobiles and airplanes. The objective of stabilizing 
atmospheric CO2 at 450 ppm cannot be accomplished this century if point sources with CCS 
keep on emitting even as little as 10% of their current rates
4
. CCS needs to be complemented by 
Air Capture CO2 to achieve the goal announced by IPCC. Air Capture CO2 therefore could play 
five important roles in stabilizating atmospheric CO2.   
1) Compensating for mobile CO2 Emissions. CO2 emission from small sources and transport 
sector accounts for between 1/3  to 1/2 of total CO2 emissions of about 36 Gt CO2/yr. This part 
of CO2 emissions could be addressed by capturing CO2 directly from the air. 
2) Moving CO2 storage to remote sites. A major challenge to CCS is the need to construct an 
extensive CO2 pipeline network for carrying CO2 from the place where it is captured to the 
storage site. Building pipelines is costly; it is difficult to obtain legal permissions and pipeline 
systems face environmental issues. The need for transporting CO2 limits the available storage 
space as storage has to be in proximity to the source of emission. By contrast, air capture can 
operate at the storage site and eliminate the expensive pipeline system for transporting CO2 and 
give access to remote sites. 
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3) Air Capture as leakage insurance. CO2 storage has a small probability of failure to retain 
CO2. Air capture CO2 could also recapture the leaked CO2 from geologic storage sites of CCS. 
Air capture cannot prevent the damages associated with gas loss, but provides a means of 
recapturing leaked CO2, thereby insuring against gradual leaks. 
4) Air Capture Closes Carbon Cycle by Producing Synthetic Fuels. The use of carbon-based 
fuels in the transportation sector is not sustainable unless the CO2 is eventually removed from the 
atmosphere. Therefore, air capture is also used to close the carbon cycle. In principle, the 
captured CO2 from air together with H2O can provide material feedstock for producing 
carbonaceous energy carriers such as methanol, synthetic diesel or gasoline, using electricity 
from renewable or nuclear energy sources. 
5) Creating Negative Emissions. CO2 in atmosphere has increased from 280 ppm in 
preindustrial period to 404 ppm today. The average global temperature on Earth has increased by 
about 0.8 ̊C since 1880 and will rise further, even if the CO2 concentration in the atmosphere is 
held constant. As a result, atmospheric CO2 concentration is probably already in an overshoot 
scenario. Air capture on a large scale could create net negative emissions, reducing excess CO2 
stored in the atmosphere, oceans and terrestrial biomass.  
1.2 Current State of Air Capture CO2 technology 
Capture CO2 from ambient air at small scales has been utilized for decades
5,6
. Air 





. Approaches of capturing CO2 from air include 1) terrestrial carbon 
sequestration
9
 with formation of recalcitrant carbon
10
, which are able to collect and store carbon 
dioxide by plants and soil. For example, the conversion of biomass to bio-char can hold 50% of 
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carbon residue comparing to 10% carbon remain of non bio-char material in agricultural soil. 
The bio-char application leads to considerably larger amounts of carbon remaining in soil than 
application of un-charred organic matter
10
.  The terrestrial sequestration can reach 0.5-0.7 GtC/yr 
in this middle century wich are contributed from agricultural soils (0.2 GtC/yr), reforestation 
(0.31GtC/yr), and pasture (0.15 GtC/yr). The combined contribution of terrestrial sequestration 
over the next centry will ranges from 23 to 41 GtC totally. 2) biomass growth in the ocean via 
ocean fertilization
11
, and 3) enhanced weathering involving land or ocean based techniques. An 
example of land based techniques is to carbonate ultramafic rock, producing a host of newly 
formed magnesium carbonate minerals
12
. This is also known as accelerated weathering. Ocean 
based techniques involve alkalinity enhancement such as grinding, dispersing and dissolving 
olivine, limestone and silicates
13
 into ocean water.  
Theses methods mentioned above are different from Direct Air Capture methods.  Direct 
Air Capture uses absorption or adsorption on collector surfaces. Some of the air capture sorbents 
are liquid
14-17




 uses a weak base amine membrane, and electric 
currents to maintain a high concentration of base on the airside contact area. Rau
21
 proposes to 
operate electrolytic water-splitting systems that absorb CO2 via a base near one electrode and 
also create acid on the other.  
There are a wide range of options for choosing sorbent materials for air capture. Early 
technologies used sodium or calcium hydroxide
5,14,22
. For example, in 1999, K.S. Lackner 
proposed to utilize sodium hydroxide to absorb CO2 from the atmosphere, forming sodium 
carbonate. Calcium hydroxide is then added to the sodium carbonate solution to cause calcium 
carbonate to precipitate out of solution leaving behind sodium hydroxide. Finally, the calcium 
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carbonate is heated at high temperatures to form calcium oxide and CO2 which is then 
compressed for storage
14
. The reaction process has been shown as Equation 1.1-1.4.  
2𝑁𝑎𝑂𝐻(𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) + 𝐶𝑂2 = 𝑁𝑎2𝐶𝑂3 + 𝐻2𝑂, ∆𝐻 = −105𝑘𝐽/𝑚𝑜𝑙 1.1 
𝑁𝑎2𝐶𝑂3(𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) + 𝐶𝑎(𝑂𝐻)2(𝑠𝑙𝑢𝑟𝑟𝑦)
= 𝐶𝑎𝐶𝑂3(𝑤𝑒𝑡 𝑠𝑜𝑙𝑖𝑑) + 2𝑁𝑎𝑂𝐻(𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛), ∆𝐻 = −8𝑘𝐽/𝑚𝑜𝑙 
1.2 
𝐶𝑎𝐶𝑂3(𝑠𝑜𝑙𝑖𝑑) = 𝐶𝑎𝑂(𝑠𝑜𝑙𝑖𝑑) + 𝐶𝑂2(𝑔𝑎𝑠), ∆𝐻 = 179𝑘𝐽/𝑚𝑜𝑙 1.3 
𝐶𝑎𝑂(𝑠𝑜𝑙𝑖𝑑) + 𝐻2𝑂 = 𝐶𝑎(𝑂𝐻)2(𝑠𝑙𝑢𝑟𝑟𝑦), ∆𝐻 = −65𝑘𝐽/𝑚𝑜𝑙 1.4 
In terms of cost, K.S. Lackner also made an argument that the CO2 in the air by some measure is 
much more concentrated than wind energy. At a wind speed of 10 m/s, the kinetic energy of air 
equals an energy flux of 600 W/m
2
. The equivalent CO2 flux through the same area represents an 
energy flux of 100,000 W/m
2
. This energy flux is not energy embedded in the CO2, but the 
energy that can be released by producing this much CO2 from gasoline. If CO2 is removed from 
the air, it becomes feasible to add new CO2 to the air with a concurrent release of energy. Hence 
the cost of processing air for CO2 should involve much less volume of air and be less expensive 
than processing the air for its kinetic energy content. Even though the cost of contacting the air 
could be quite small, this analysis does not consider the second stage of retrieving the CO2 from 
the sorbent. This cost is slightly higher than the sorbent regeneration cost in the flue gas scrubber, 





 proposed two process designs based on this technique. The total fuel 
energy reported in the paper are 17 and 12 GJ/t CO2 (748 and 528 kJ/mol) captured, respectively 
for the two options, meaning that twice as much as energy is required to remove CO2 emitted 
from a given amount of coal compared to the energy content of coal, 9 GJ/t of CO2. The reason 
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is that the energy consumption of the calcination step is too large, due to the inefficiency of the 




Figure 1.4: Scheme of a plant for CO2 capture from air 
Keith and his group follow this approach
25
. He used a 3-6M NaOH solvent and an 
absorber with 110m diameter, 120m height. The paper concludes the energy requirement of 
calcination in lime production is 679 kJ/mol of CO2, which is close as the value calculated by 
Baciocchi et al. 
The high energy demand of the calcination process suggests that other options for CO2 
sorbents need to be investigated. Eisenberger and Jones use a solid tertiary amine, a weak base 
analogous to an ammonia solutions
20
.  
A new technique that also avoids sodium hydroxide was proposed by Lackner
18
. Lackner 
presented a novel solid sorbent technology: amine-based exchange resin dispersed in a flat sheet 
of polypropylene. This sorbent absorbs CO2 when the surrounding is dry and releases CO2 when 
the surrounding is wet. The resin acts like a strong base, analogous to NH4
+
, where each 
hydrogen has been replaced by an organic carbon chain attached to a polymer matrix. The 
chemical structure and a sample of the material are shown in Figure 1.5. The current solid 
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sorbent can be made to work in cool climates regardless of the average relative humidity.  
However, the the choice is best for a desert climate. The following Figure 1.6 shows the 
working process of moisture swing sorbent for capturing CO2. This method total energy 
consumption is estimated at 50 kJ/mol of CO2. This value is about 1/10 of those calculated by 
Keith and Baciocchi. 
  
Figure 1.5: Chemical Structure and Exterior of Quaternary Amine Ligands Ion Exchange Resin 
 
 





1.3 Novel Sorbent for CO2 Capture from Air 
1.3.1 Performance of A Moisture Swing Sorbent 
It has been reported that conventional technologies for capturing CO2 from air are most 
likely too expensive
24,27
. These reports are based on extrapolating known technologies to capture 
at the extreme dilution of CO2 in the air. While we agree with these observations, our conclusion 
is not that CO2 capture from air is impossible but that it will likely dramatically depart from 
conventional technologies and overcome difficulties by using innovative methods. 
Of particular interest in this doctoral research is the study of a novel moisture-swing 
technology for direct air capture of CO2 that is mentioned in the last paragraph of Chapter 1.2. 
The moisture swing replaces a thermal swing or pressure swing. The sorbent, an anionic 
exchange resin, readily absorbs CO2 when dry and releases it again when exposed to moisture. 
The reaction pathway of CO2 absorption/desorption on this novel absorbent is explained in detail 
in Figure 1.7 and Equation 1.5-1.8.  
H2O ⇔  H
+ +OH− 1.5 
CO3
2− + H+ ⇔ HCO3
− 1.6 





2− + CO2 + H2O 1.8 
For the wet resin without CO2 loading, which we label Empty-Wet, the counter ions to the 
positive quaternary ammonium ions are carbonate ions. The carbonate ion is stabilized by the 
presence of ample water. The interaction of the ion with the water molecules reduces the 
energetic state of the carbonate ion. A similar effect occurs for the bicarbonate and hydroxide ion, 
but the energetics is such that the bicarbonate and carbonate do not co-exists in significant 
11 
 
quantities. As the water content of the resin is reduced during drying, the carbonate ion becomes 
less stable and the destabilization is relatively larger than that of the singly charged ions. This 





 ion which both bind tightly to their respective cations. This state, labeled Empty-Dry, 
has a strong affinity to CO2 due to the presence of OH
-
 ions in the solid. Even at low partial 
pressure of CO2, the resin absorbs CO2. This results in a CO2-loaded state which is entirely 
bicarbonate; this state we refer to as Full-Dry. These three states are described by Equation 1.5-
1.7 Wetting the resin leads to the full hydration of the bicarbonate ions Full-Wet. In the wet state, 
the bicarbonate ions are now overrepresented relative to the carbonate ions and carbonic acid.  
As a result, the bicarbonate disassociates according to Equation 1.8. This results in the escape of 
CO2 in the wet condition (desorption) resulting in the Empty-Wet state and the cycle is 
completed. 
 






Lackner et al. have shown that the CO2 loading of the resin is as function of the 
equilibrium CO2 partial pressure over the sorbent. As a result, a resin that has been loaded to 400 
ppm of CO2 in the open air can release this CO2 at a CO2 partial pressure of about 8 kPa
26
. 
Lackner has shown that this technology has the potential to greatly reduce energy consumption 
in the collection of CO2
29
. This innovation, passive collection and a novel regeneration method 
may advance air capture technology to a practical level. 
1.3.2 The Advantages of Moisture Swing Sorbent 
The moisture swing technology has several advantages over conventional thermal swing 
or pressure swing absorption systems: 
1. The conversion between absorption and desorption of this new efficient sorbent can be 
switched with low-cost water instead using costly energy to regenerate. 
2. Since absorbed water and CO2 on the sorbent move in opposite directions, energy 
penalties for absorption and desorption of water are completely eliminated. For most CO2 
sorbents, water binds even more strongly than CO2. Since there is 10 to 50 times as much 
water vapor as CO2 in the air, freeing water with CO2 is a nearly intractable energy 
penalty for any absorption/desorption cycle. 
3. The moisture swing can avoid heating and cooling the sorbent. Much of the sorbent mass 
and mass of the sorbent support structure simply gains and loses sensible heat in a swing. 
In a thermal swing, heating up and cooling the bulk material is inefficient because the 
heat recovery in a cycle is quite incomplete. 
4. Moisture swings are flexible, they can be amplified by adding a thermal swing or a 
vacuum assist. For example, compressors used in producing liquid CO2 will always 
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provide waste heat that could be used to augment the moisture swing with a low-level 
thermal swing. 
1.3.3 Importance of Understanding Mechanisms of Moisture Swing 
Sorbent 
Even though Lackner et al. had already demonstrated the existence and the utility of the 
humidity swing for certain anionic exchange resins, they did not fully understand the underlying 
mechanisms at work at the beginning, and therefore could not rationally design better sorbent 
systems. The main purpose of this Ph.D. research is to elucidate the underlying mechanisms and 
verify them by experiments. Advances would be greatly helped by a better understanding of the 
underlying molecular dynamic processes, for example, we are looking for ways to enhance the 
uptake speed of the sorbent, raise the CO2 partial pressure at release and increase the contact area 
between air and sorbent. Each one of these advances would greatly reduce the cost of an 
operational system and improve the thermodynamic properties of the material.  
In order to understand the underlying physical mechanisms that result in the moisture 
control of the affinity of the sorbent to CO2, we need to apply numerical tools of classical 
molecular dynamics and quantum mechanics to understanding the interaction of polymer, water 
and ions. A successful exploration of the novel phenomena at the root of the moisture swing will 
greatly enhance our ability for rational design, while at the same time elucidating unexplored 





Hydrated ions carry from several to several tens of water molecules in the natural 
atmosphere and on solid porous surface
30
. These ion hydrations containing interfaces play an 
important role in a wide range of natural and fundamental processes
31-34
. The existing interface 
of ion hydration serves to significantly enhance the rate and extent of chemical reaction 
probabilities
35-37
. Experiments are very costly and difficult to implement. Numerical simulation 
provides an alternative method to study the microscopic ion hydration energy changes at 
interfaces of solid surfaces. Combining Molecular Dynamics (MD) and Quantum Mechanics 
(QM) tools is the most effective method for the study. MD has relative high accuracy, low 
computational cost, and an ability to model the behavior of a large number of atoms, but is not 
able to simulate breakage and formation of chemical bonds
38-41
. QM is time consuming and has 
limited in the number of atoms.  It is computational difficult to keep track of 100 atoms, but it is 
possible calculate the energy change of chemical bonds’ breakage and formation. In this section, 
MD and QM theory and application will be reviewed in brief. 
1.4.1 MD theory 
The MD is a computational modeling approach to studying the physical movements of 
atoms and molecules, which is applied today in various scientific research fields, like chemical 
physics, materials science and the study of the dynamics of biomolecules. MD was demonstrated 
by Alder and Wainwright
39
 in the late 1950s and rapidly developed with the advent of fast 
computer technology
40,41
. The trajectories and other characteristics of atoms and molecules over 
a period of time are determined by solving Newton’s force principles, the Newton’s equation of 














Where 𝑚𝑖 is the mass of atom i, i equals 1,2,3, …, N, 𝑟𝑖 is its position, 𝑣𝑖 is its velocity, U is the 
total potential energy of all atoms. MD ignores electron movements assuming system energy is 
the function of the position of the atom’s nucleus. The force between atoms and the potential 
energies of atoms are calculated using interatomic potentials or molecular mechanics force fields. 
Conceptually, the interatomic potential is divided into intramolecular and intermolecular atomic 
contributions
42
. The intramolecular potential reflects interactions among bonded atoms 
including three terms as Equation 1.11: 
𝑈𝑖𝑛𝑡𝑟𝑎𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 = 𝑈𝑠𝑡𝑟𝑒𝑡𝑐ℎ + 𝑈𝑎𝑛𝑔𝑙𝑒 + 𝑈𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 1.11 
Where 𝑈𝑠𝑡𝑟𝑒𝑡𝑐ℎ  represents the required potential energy to stretch or compress each covalent 
bond in the system, and depends on the bond length and bond strength. 𝑈𝑎𝑛𝑔𝑙𝑒  denotes the 
potential energy associated with the change of bond angle. 𝑈𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙  describes the potential 
energy that deforms a planar group of atoms held together by covalent bonds. The 
intermolecular potential describes attraction or repulsion interactions between pairwise 
additive potentials among atoms. In MD simulation, intermolecular potential energy includes van 
der Waals and electrostatic terms. The van der Waals term usually uses the Lennard-Jones (L-J) 














where 𝜀𝑖𝑗 is the depth of the potential well, 𝜎𝑖𝑗 is the distance where the potential is zero, i and j 
are i-th and j-th atomic species. Parameters 𝜀𝑖𝑗  and 𝜎𝑖𝑗  are usually obtained from fitting 
16 
 
experimental data or from theoretical calculations. For an unknown pair of atom species, the 
Lorentz-Berthelot mixing rules are widely applied to obtain the interaction parameters from the 
interaction parameters of the individual atom species
44
. 
𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗 , 𝜎𝑖𝑗 =
1
2
(𝜎𝑖 + 𝜎𝑗) 1.13 
 
The L-J potential curve is Figure 1.8 
 
Figure 1.8: Lennard-Jones Potential Curve. Each distance corresponds to a potential energy 
between two atoms, and the potential energy is shown as Y axis.  








where 𝑞𝑖 and 𝑞𝑗 are the electrostatic charges of atom i and j, 𝑟𝑖𝑗 is the distance between these two 
atoms, 𝜀0 is the dielectric constant of vacuum. 
Briefly, MD simulation typically consist of the following five steps:1) Energy 
Minimization, using a forcefield that has been assigned to the atoms in the system to find a 
stable point or a minimum on the potential energy surface in order to begin dynamics. 2) 
Initialization, applying to thermodynamic distribution like Maxwell-Boltzmann distribution to 
endow atoms with initial velocities. 3) Equilibration, solving Newton’s equations of motion to 
discover the equilibrium state of all atoms. 4) Average, accumulating thermodynamic averages 
of interest based on temporal averaging, which under the hypothesis of ergodicity is equal to the 




1.4.2 QM theory 
QM theory is a fundamental branch of physics that gradually arose from Max Planck’s 
solution in 1900 to the black-body radiation problem, and Albert Einstein’s quantum-based 
theory in 1905 paper to explain the photoelectric effect. Early quantum theory was greatly 
reconceived in mid-1920s. One mathematical formalism is the famous wave function which 
offers information about the probability amplitude of physical properties of a particle. The QM 
development was slow because of the difficulty in solving Schrödinger equations for more than 
one atom. After 1960, scientists apply to QM computation rationally explain experimental results 
and design experiment because QM computation developed fast with the development of 
computer technology. Density Functional Theory (DFT) is the most popular method in Quantum 





, and later generalized by Levy. Levy states that all ground-state properties are a 
functional of the square of the amplitude of  the wave function, the density ρ. Specifically, the 
total energy 𝐸𝑡 may be written as: 
𝐸𝑡[𝜌] = 𝑇[𝜌] + 𝑈[𝜌] + 𝐸𝑥𝑐[𝜌] 1.15 
where 𝑇[𝜌] is the kinetic energy of a system of non-interacting particles of density 𝜌, 𝑈[𝜌] is the 
classical electrostatic energy due to coulombic interactions, 𝐸𝑥𝑐[𝜌]  includes all many-body 





where ϕ is the wave function, r is the location in space. 
𝜙𝑖 = ∑ 𝐶𝑖𝜇𝑋𝜇
𝜇
 1.17 
Where 𝑋𝜇 is called the atomic basis function which create atomic orbitals. These functions are 
typically atomic orbitals centered on atoms, but also can theoretically be any function. 𝐶𝑖𝜇 is the 
expansion coefficient  







where ˂ > bracket represents expectation value. 𝛻2 is the Laplacian operator. 






𝑑𝑟1𝑑𝑟2 + 𝑉𝑁𝑁〉 1.19 
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𝑑𝑟1𝑑𝑟2 , represents the electron-electron repulsion, and the final term, 𝑉𝑁𝑁 , 
represents the nucleus-nucleus repulsion. 
The final term mentioned in Equation 1.15 is the exchange-correlation energy.  
The exchange-correlation energy requires some approximation for this method to be 
computationally tractable. A simple and good approximation is the local density approximation 
(LDA), which is based on the known exchange-correlation energy of the uniform electron gas
50-
52
. The LDA assumes that the charge density varies slowly on an atomic scales (i.e. each region 
of a molecule actually looks like a uniform electron gas). The total exchange-correlation energy 
can be obtained by integrateing the uniform electron gas result: 
𝐸𝑥𝑐[𝜌] = ∫ 𝜌(𝑟)𝜀𝑥𝑐[𝜌(𝑟)]𝑑𝑟 
1.20 
where 𝜀𝑥𝑐[𝜌(𝑟)]  is the exchange-correlation energy per particle in a uniform electron gas, 
and . 𝜌 is the number of particles. 
1.4.3 Water Model 
In computational chemistry, classical water models are used for the simulation of water 
clusters, liquid water and aqueous solutions in nature. Water molecules are also an important 
element in this study. Many different water models have been developed for MD simulation in 
the past few decades. These models can be classified by following three points: 1) number of 











; 5-site models like TIP5P
57
  2) whether the model is rigid of flexible 3) whether model 
includes polarization effects. The flexible SPC water model is one of the most accurate three-
20 
 
center water model which has been chosen for our MD simulation. The O-H bond in SPC is 
made anharmonic and thus the dynamical behavior is well described. The charges on the oxygen 
site and hydrogen sites were chosen -0.82e and +0.41e, respectively. 
1.5 Outline of Dissertation 
Ion hydration is ubiquitous in natural atmosphere and nanoscopic pores and is essential in 
determining the energetics of many physical and chemical systems. By understanding these 
underlying mechanisms of chemical phenomena, we can apply this knowledge to a vast number 
of applications. Through the present thesis, the fundamental mechanism of a moisture swing 
sorbent is discovered and the discovery is applied to the design of novel and efficient CO2 
absorbents. 
In this chapter, an introduction of global warming, motivation of air capture CO2 and 
advantages of capture CO2 from ambient air are provided. A brief overview is given to the 
moisture swing sorbents from its working performance to its advantages than other thermal 
swing sorbents, and also the computational methods for its underlying mechanism study. 
In Chapter 2, A methodology of computational modeling combined with MD and QM is 
developed. Through numerical simulations, the underlying mechanism of moisture swing sorbent 
was explained by ion hydration energy change, and this explanation was verified via experiments. 
In Chapter 3, A design of a moisture swing sorbent for CO2 capture is investigated using 
MD and QM simulations. Its working mechanism is revealed and the influences of parameters, 




Inspired by they study of carbonate/bicarbonate hydration system, Chapter 4 presents a  
quantitative analysis of the energetics of ion hydrations in nanopores based on computational 
molecular modeling of a series of basic salts with different quantities of water molecules. 
Counterintuitive hydrolysis of ion hydration in natural atmosphere and nanopores is applied to 
design efficient absorbents to absorb acid gases. 
Chapter 5 reports the results of MD simulations of IER with carbonate ion system and 
bicarbonate ion system under different humidity conditions. The transport abilities and structures 
of ions species are explored with different numbers of water molecules. 
Chapter 6 introduces a new moisture swing CO2 sorbent by using a new polymer material 
PVC as binder for IER. The preparation process, sorbent structure, kinetic model, absorption and 






Chapter 2 Molecular Mechanism Study of Air 
Capture CO2 
2.1 Background 
This Chapter is related to our paper “Capture CO2 from Ambient Air Using Nanoconfined 
Ion Hydration”, which has been published in Angewandte Chemie, and it is also related to a 
second paper “On the Molecular Mechanism of Carbon Dioxide Capture from Ambient Air by 
Using Moisture Swing Sorbent” which is to be submitted.  
Hydration of neutral and ionic species at interfaces plays an important role in a wide range 







, and environmental systems
33
. Owing to the hydration water at the 
interface, the rate and extent of various types of chemical reactions may be significantly 
enhanced
37,61,62
. The hydration of ions does not only affect the physical structure and dynamics 
of water molecules
33,63
, but also the chemical energy transfer through the formation of highly 
structured water complexes
64,65
. Nevertheless, it remains unclear whether the water structure 
could be affected by varying the amount of water present
66
. Indeed, dehydration could promote 
the energy level of water structures, which may receive wide applications such as energy storage 
with anhydrous salts
67
, enhancement of the free energy of binding ligands to biological systems
68
, 
and gas separation using modified basicity of ionic sorbents
69,70
. Anothere example is a novel 
technology for direct air capture of carbon dioxide, which is driven by the free energy difference 
between the hydrated and dehydrated states of an anionic exchange resin
18
.   
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Previous experimental observations, such as XPS to observe structure and bonding environments 
at calcite surface
71
, PS-SFVS to study structure and charging of hydrophobic material/water 
interfaces
72
 and electrospray mass spectrometry to investigate the mechanism of proton transfer 
across water-hydrophobic media boundaries
73
, can shed some light on the detailed structure and 
bonding information of the hydrated interface at the molecular level in similar systems. 
Spectrographic studies suggested highly ordered structure or dissociation of hydration water at 
the gas/solid interface
74,75
. Molecular dynamics (MD) simulation provides an alternative way to 
study the microscopic hydration energy changes at interfaces of the material, and several reliable 
methods, like thermodynamic integration
76
, umbrella sampling, and a method basd on the 
Bennett acceptance ratio
77
, etc., were developed to calculate the ion hydration free energy in 
recent decades. These methods have been widely applied to calculate the free energy of 
solvation
78-80
. Recently, a few MD studies were conducted to explore the hydration phenomena 
on ions, ion pairs, and solid-liquid interfaces
81-83
.  These studies shed light on how the hydration 
structure and hydration energies change when the water activity is reduced
84,85
. Simulation 
shows a high degree of positional ordering parallel to the surface, reflecting the structure of the 
underlying substrate. The energetics of adsorption of water onto the surfaces of minerals has 
been investigated by MD simulation. The study on CaCO3 (1014) surface indicates that the 
adsorption of water on all calcite surface planes is energetically favorable
86
. An ab initio surface 
phase diagram of the calcite surface suggests that nonstoichiometric surfaces play an important 
role in the chemistry of calcite at a high relative humidity
87
. The comparison between 
dissociative and associative adsorption of water on the calcite surface was studied by ab initio 
calculations
88-90
, which argued that the water dissociation is strongly disfavored even on surface 
defects of steps and vacancies, except near a carbonate ion, where water molecules can be 
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disassociated into protons and hydroxides. The carbonate ion, CO3
2-
, is a divalent weak base 
anion which will undergo hydrolysis in water. Ion hydration at interface has resulted in a flurry 
of interest in materials chemistry and physics, and many more contemporary issues such as 
climate change and challenges in water and energy promote the pressing need to a better 
understanding of the structure and dynamics of water/solid interface
91
. 
Current MD simulations on hydrated surfaces are so far limited to minerals and metal 
oxides, whereas hydration on resin polymers with strong ionic activity is of great interest for air 
capture applications. In this chapter, we employ Molecular Dynamics (MD) and Quantum 
Mechanics (QM) methods, to study the ion hydration energy changes with the amount of water 
available. Calculating these energy changes allows us to deduce the energetically favorable states 
of hydration ions in dry and wet. To the best of our knowledge, this is the first theoretical 
explanation of the moisture swing sorption for carbon dioxide capture from ambient air. In this 
first step toward such an investigation, we only focus on the effect of hydrated ions and replace 
the NH4
+
 cation with Na
+
 which has the same Coulomb effect, but a much simpler structure. The 




2.2 Description of Moisture Swing Sorbent for Air Capture CO2 
Of particular interest in this study is a novel technology for direct air capture of carbon 
dioxide, driven by the free energy difference between the hydrated and dehydrated states of an 
anionic exchange resin
18
.   
The hydration-induced energy change and its application to carbon capture with ion 
exchange resins (IER) was first discovered by Lackner et al. in 2009
18
. Hydration swing gas 
adsorption is of practical interest because it uses inexpensive liquid water, whose evaporation 
process drives the IER to absorb CO2 when dry, and whose hydration process releases CO2 when 
wet
26
. It has been speculated that the hydration water plays two important roles: it provides a 
medium for reactions and it protonates reactants through water dissociation. However, the 
underlying molecular mechanism of the hydration induced energy change at gas/solid interfaces 
or on ions has not been elucidated in a comprehensive way. 
CO2 sorption on a hydrated ion exchange resin with CO3
2-
 as the mobile anion at low 
humidity could be depicted as a series of reactions of water dissociation, formation of 
bicarbonate and hydroxide ions, as shown Figure 2.1. State 1 is the ion exchange resin in dry 
condition with a few water molecules in the surrounding. State 2 shows how a carbonate ion can 





Figure 2.1: Reaction pathway of CO2 absorption on IER 
 
The process of CO2 absorption/desorption can be depicted as a series of reactions of 
water dissociation, formation of bicarbonate and hydroxide ions, and CO2 combination, as shown 
Figure 2.2. The Empty-Fresh state is the sorbent in dry condition with a few water molecules in 
the surrounding. In the Empty-Dry state the H2O splits into H
+
 ion and OH
-
 ion which is ready to 
absorb CO2, while the H
+
 ion is combined with CO3
2-
 to form an HCO3
-
 ion. The Full-Dry state 
rerpresents the fully loaded sorbent in the dry condition. The three states present the absorption 






Figure 2.2: Reaction pathway of CO2 absorption/desorption on IER. 
2.3 Computational Model  
The activity of water on the resin governs the interaction among all ions on the resin.  This 
is very different from a hypothetical “dry” resin in which every carbonate ion is balanced by two 
singly charged cations without any water molecules present. In the presence of water, carbonate 
ions can react with water to form bicarbonate and hydroxide ions.  This is well understood in 
aqueous solutions. It has been postulated that the reduction in water activity results in a loss of 
stability of the carbonate ion, which will be replaced by a hydroxide and a bicarbonate ion: 
CO3
2− + 𝑛H2O ⇔ HCO3
− + OH− + (𝑛 − 1)H2O 2.1 
Based on experimental results, the IER absorbs more CO2 in relatively dry conditions (n 
is small) with the help of more OH
-
 ions, while it absorbs less CO2 in relatively wet condition (n 
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is large) with less OH
-
 ions. In other words, as n increases, the equilibrium shifts to the left of 
Equation 2.1.  This shift in equilibrium appears counter-intuitive, as it seems to go against the 
mass action law implicit in Equation 2.1. Usually, in the salt solution with the reduction of the 
number of water molecules, the concentration of the salt in the aqueous solution increases until 
saturation, and then ions start to precipitate. For example, the ratio of carbonate ion and water 
molecules is 1:20 in a saturated sodium carbonate solution whose solubility is 220g/l at 20 ̊C. 
However, the ratio of carbonate ions and water molecules may be up to 1:1 in the surroundings 
of an ion exchange resin. Therefore, we hypothesize that the driving force for this change in 
equilibrium is the change in the size of the hydration clouds associated with the different ions in 
the material. The total equation taking into account hydration water is represented by Equation 
2.2 
CO3
2− ∙ 𝑛H2O ⇔ HCO3
− ∙ 𝑚1H2O + OH
− ∙ 𝑚2H2O + (𝑛 − 1 − 𝑚1 − 𝑚2)H2O 2.2 
The observed direction of the reaction implies that (𝑛 − 1 − 𝑚1 − 𝑚2) is larger than zero. The 
chemical reaction moves to the right hand side with small number of water molecules to produce 
more hydroxide ions, which is beneficial for carbon dioxide adsorption, and it swings to the left 
hand side with a large number of water molecules present. The partial pressure of CO2 over a wet, 
fully-loaded bicarbonate state resin, is comparable to the equilibrium partial pressures over a 
one-molar sodium bicarbonate solution. This suggests that the unusual state is not the wet state, 
but the dry, absorption state in the CO2 capture system. Note, that as n goes to zero, the state has 
to again shift back to the carbonate system, because there is simply no water available, and 
(𝑛 − 1 − 𝑚1 − 𝑚2)  cannot be positive anymore. However, this state is not reached in our 
experimental and computational system. 
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We postulate that the energetically favorable state of this system can be shifted with the 
different numbers of hydrated water molecules around ions, which will be verified using 
molecular simulations in this study. The classical molecular mechanical models can handle a 
large number of molecules, but they suffer from technical limitations for simulating bond 
breaking and forming. Quantum mechanical methods are powerful in simulating the chemical 
environment but are computationally expensive and therefore can handle only a few molecules in 
a simulation.  A methodology combining MD and QM is outlined in Figure 2.3. It can overcome 
these limitations by calculating energy states in a hypothetical cycle connecting aqueous states to 
ionic states in the vacuum. In the corresponding thermodynamic cycle of the proposed process, a 
sequence of states is considered. Let ∆G1 and ∆G2 denote the hydration standard-state Gibbs free 
energy changes of system 1 (S1, a carbonate ion) and system 2 (S2, a hydroxide with a 
bicarbonate ion), respectively. ∆G3 represents the standard-state Gibbs free energy change of the 
reaction CO3
2− + H2O ⇔ HCO3
− + OH−  in vacuum at room temperature. Using MD simulations 
of relevant systems, ∆G1 and ∆G2 can be determined by free energy Thermodynamic Integration 
(TI); Because the ions in a vacuum represents a system with few particles, ∆G3 can be deduced 
from QM simulations using the density functional theory (DFT). Since energy is a state function 
and does not depend on the pathway used for its evaluation, the total free energy ∆G can be 
obtained as ∆G=∆G1+∆G2+∆G3. The objective is to quantify the total free energy ∆G as the 
number of surrounding water molecules (n) changes. Two mobile cations (Na
+
) were put into the 




Figure 2.3: Thermodynamic cycle for calculating reaction energy change with water numbers. 
2.4 Computational Method  
All molecular dynamics simulations were carried out in Materials Studio
92
, which is a 
modeling and simulation environment to study atomic and molecular structure in material 
science and chemistry. COMPASS Force Field was used for all geometry optimizations and MD 
simulations. COMPASS uses an ab initio force field optimized for condensed-phase applications. 
This force field was assigned to all atoms in the carbonate ion, bicarbonate ion, hydroxide ion, 
and water molecule. 
Geometry and partial charges on all atoms of anions in gaseous and aqueous phases were 




, developed by Accelrys. Geometry 
optimizations and population analysis of the anions were obtained according to Generalized 
Gradient Approximations (GGA) DFT formulation which includes the effect of charge-density 
inhomogeneity, and the Perdew-Burke-Ernzerhof (PBE) gradient-corrected functional
94
.  The 
“double numerical plus polarization” (DNP) basis set was utilized in the present work.  DNP is 
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the most complete and most accurate basis set in the DMol
3
 code. A p-type polarization function 
was employed for hydrogen bonding. Simple point charge (SPC) variable bond water model was 
used in our model.  
Periodic boundary conditions (PBCs) were employed in three dimensions with a 
carbonated ion (S1), or a bicarbonate and a hydroxide ion (S2) solvated with different numbers 
of water molecules. Minimizations were carried out by the Quasi-Newton procedure, where the 
electrostatic and van der Waals energies were calculated by the Ewald summation method
95
 (the 
Ewald accuracy was 0.001kcal/mol, and the repulsive cutoff for van der Waals interaction was 6 
Angstrom). MD simulations for all configurations of solutions were performed first in an NPT 
ensemble (constant-pressure/constant-temperature) to obtain the relevant density values with 
different concentrations of solutions at standard state condition. Each solution with different 
concentration was calculated in an NVT-ensemble (constant-volume/constant-temperature) with 
different densities at 298 K. A time step of 1.0 fs was used in all simulations. In most cases, the 
equilibrium values of thermodynamic parameters were reached within the first 50 ps for NPT 
using Nose thermostat and Berendsen barostat, and 50 ps for NVT using Nose thermostat. All 
MD simulations were performed for 200 ps to achieve equilibrium followed by 300 ps 
simulation for parameter deduction. 
The chemical reaction energy of Na2CO3 + H2O ⇔ NaHCO3 + NaOH (S3) in a vacuum 
connecting ground states was simulated via first principle calculation. Na2CO3 and H2O  are the 
reactants; NaHCO3  and NaOH are the products. The total energy at 0K was obtained via the 
Perdew-Burke-Ernzerhof generalized gradient approximation (GGA PBE), and a DNP basis set. 
The free energy change at finite temperatures was computed according to the various 
translational, rotational and vibrational components. 
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2.5 Free Energy Computation 
The MD free energy calculation was performed by the Thermodynamic Integration method 
(TI)
96
. The free energy difference between two states, A and B, is determined from an 
interpolating Hamiltonian
97,98
. In this method, the system is extended with a mixing parameter λ, 
ranging from 0 to 1, which measures the degree of reaction between A (λ=0, reactant) and B 
(λ=1, product). The system potential energy can be described as 
𝑈(𝑟, 𝜆) = (1 − 𝜆)𝑈𝐴(𝑟) + 𝜆𝑈𝐵(𝑟) 2.3 
The free energy change can be calculated from  
∆G = ∫ dλ
∂G(λ)
∂λ













〉𝜆signifies an ensemble average over the distribution 𝑒
[𝛽𝑈(𝑟,𝜆)]. Considering solvation 





𝑈𝑖𝑜𝑛−𝑤𝑎𝑡𝑒𝑟  can be determined from water-ion van der Waals and electrostatic interactions. In TI,  
〈Uiw〉λneeds to be calculated for different λ values between 0 to 1. In our present work, we 
evaluated ∆G at ten equidistant value for λ (0.1 to 1) from which 〈Uiw〉λ was calculated
99
, and 
then the free energy of solvation was determined by numerical integration. 
To determine the free energy of reaction from QM calculations, the thermodynamic cycle 
shown in Figure 2.4 was employed. If the heat capacities of the reactants and products between 
the two temperatures are known, the enthalpy of reaction at temperature T1 can be calculated 
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from the enthalpy of reaction at T0. ∆S is given by ∆𝑆 = ∆𝑆𝑣𝑖𝑏 + ∆𝑆𝑡𝑟𝑎𝑛𝑠 + ∆𝑆𝑟𝑜𝑡. The Gibb’s 
free energy difference is given by∆𝐺 = ∆𝐻 − 𝑇∆𝑆. 
 
Figure 2.4: Chemical reaction thermodynamic cycle between different temperatures. 
2.6 Free Energy of Ion Hydration 
The system’s free energy change for different numbers of water molecules present is 









 and with one OH
-
) in 
the presence of water were plotted against the number of water molecules (n).  The result is 
shown in Figure 2.5. In the carbonate ion system simulations (S1), the CO3
2-
 : H2O ratio is 
selected to be 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:9, 1:10, 1:20, 1:40, 1:60 respectively, and for the 
bicarbonate ion system (S2), the HCO3
-
 to water ratio is tested at 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 
1:8, 1:9, 1:19, 1:39, 1:59 respectively, from dense to dilute solution. These cases have one-to-one 
correspondence, since one water molecule reacts with one carbonate ion to form a bicarbonate 
and a hydroxide. The region around each ion dissolved in water can be divided into two parts: a 
hydration shell, in which the water is immobilized and electrostricted, and bulk water, which is 
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still attracted by the Coulomb electric field of the ion, but the water is mobile and not bound to 










 system decrease, when the number of water 
molecules increases from 0 to 40.  These hydration free energies are stable in the range of 40 to 
60 water molecules.  In system S1, the free energy fluctuates rapidly with the number of water 
molecules available.  We speculate that this reflects the filling of an inner hydration shell, where 
different number of water molecules would result in different geometries. If more water is 
available, the Coulomb potential of the ion likely causes a gradual decrease in the free energy 
until the system asymptotically reaches a state similar to that in free water. If the water 
molecules are more than 300, the hydration free energies of S1 and S2 stabilize around -80 
kcal/mol and -50 kcal/mol, respectively, see Figure 2.6. 
 




Figure 2.6: Free energy change with number of water molecules (300 water molecules). 
 
2.7 Mechanism of Moisture Swing CO2 Sorbent 
In Figure 2.7, attention is restricted to the energy difference between the two competing 
scenarios. Here the free energy difference between the two systems is plotted as function of the 
number of water molecules. With less than 7 water molecules, the hydration free energy of S2 is 
smaller than S1. However, as the number of water molecules increases from 8 to 60, the 
hydration free energy of S2 is larger than S1, and the difference becomes stable in bulk water. 
The number of water molecules affects the systems’ hydration free energies, which could further 
influence the chemical reaction pathway in Equation 2.2. For small numbers of water molecules 
present, the thermodynamically favored state is that of a bicarbonate ion and hydroxide ion over 




Figure 2.7: Free energy difference between two systems. 








 is the reaction energy 
of𝑁𝑎2𝐶𝑂3
2− + 𝐻2𝑂 ⇔ 𝑁𝑎𝐻𝐶𝑂3
− + 𝑁𝑎𝑂𝐻− in vacuum at room temperature. This includes the 
total energy difference at ground state ∆Etotal and a finite temperature correction for the free 
energy difference ∆Ftotal between reactants and products, i.e. ∆G = ∆Etotal + ∆Ftotal
298.15K
. The 
resulting free energy ∆G3
0
 is deduced as -9.28 kcal/mol. The negative sign of the free energy 
indicates that this reaction can occur spontaneously at room temperature. Based on the above 
MD and QM free energy calculations, the total free energy change of reaction pathway Equation 
2.2, can be plotted as a function of the number of water molecules in the cell, Figure 2.8.  The 
free energy is negative when there are less than 7 water molecules, favoring the formation of 
hydroxide ions. With the increase in the number of water molecules, the free energy difference 
increases rapidly from negative to positive value, then becomes stable at a plateau of 15 kcal/mol 
in bulk water. The experimental value of the carbonate hydrolysis equilibrium constant K in bulk 
aqueous solution is ,
100
 using G=-RTlnK.  Based on this result, the free energy of 4109.1 
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hydrolysis can be calculated as 5.08 kcal/mol. Using tabulated thermodynamic properties, one 
can estimate the free energy of hydrolysis at 2.97 kcal/mol.  ( ∆𝐺𝑁𝑎+(𝑎𝑞) = −62.66𝑘𝑐𝑎𝑙/𝑚𝑜𝑙,  
∆𝐺𝐶𝑂32−(𝑎𝑞) = −126.27𝑘𝑐𝑎𝑙/𝑚𝑜𝑙  ∆𝐺𝐻𝐶𝑂3
−(𝑎𝑞) = −140.37𝑘𝑐𝑎𝑙/𝑚𝑜𝑙,   ∆𝐺𝑂𝐻−(𝑎𝑞) =
−37.62 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 ) Although on the same order of magnitude, the error of present molecular 
simulation of ion hydration free energy in aqueous solution may result from the force field of 
MD, or be due to the QM simulation of the free energy in vacuum. Despite the small offset, the 
present analysis showed, at least in terms of qualitative trend, that the hydrolysis degree of 
carbonate ion in aqueous solution is affected by the number of water molecules present in the 
resin. This alone enables the moisture swing of the sorption process.  Put another way: in a 
system with little water present the nominal carbonate state disassociates into a mixture of 
bicarbonate and hydroxide.  Where the latter has a high afficinity for CO2.  The CO2 once bound, 
can be released again, even at a higher pressure, simply by profdicing moisture to the resin.  
Hence moisture drives an sorption/desorption cycle or swing. 
The trend in Figure 2.8 shows that with the reduction of the number of water molecules 
available, it becomes more energetically favorable to form bicarbonate ion and hydroxide ions 
hydration, whereas carbonate ion hydration occurs in relative wet condition. This discovery 
sheds some light on the molecular mechanism of the observed phenomenon of dry absorption of 
CO2 on an ion exchange resin. In a relatively dry environment, the amount of water bound to the 
resin is small and a large amount of hydroxide ions exist, which promotes the absorption of 
carbon dioxide, since the hydrolysis equilibrium constant increases with the reduction of the 





Figure 2.8: Equation 2.2 Chemical reaction free energy change with water numbers. 
2.8 Mechanism of Moisture Swing CO2 Sorbent with polystyrene 
backbone 
The above studies of free energy is based on ions with different number of water 
molecules in vacuum surroundings. The computational model differs from the real IER system in 
two crucial aspects.  First, ions and water molecules do not exist in vacuum surrounding but at 
the surface of  polystyrene backbones, on which a series of chemical reactions occur; the second 
difference is that the cations are not sodium cations, but quaternary ammonium ions. The 
quaternary ammonium ions are composed of C, H and N atoms, which have a larger size and 
also have a different strength of van der Wall force on anions. Here, we calculated the 
energy/enthalpy change of in IER system with polystyrene backbones using the same method as 
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outlined in Figure 2.3 as above. This more complete model can better capture the characteristics 
of the real system, but complicates the numerical analysis..  
2.8.1 Models of Ion Exchange Resin 
 
The IER is composed of polystyrene backbones and attached quaternary ammonium ions. 
These quaternary amine groups have one permanent positive charge, which can be shown as 
NR4
+
. R stands for organic carbon chains.nOne of these chains is also attached to the polystyrene 
matrix. 
A model of an oligomer containing eight side chains with eight quaternary ammonium 
ions is established for MD simulation. The oligomer includes two quaternary ammonium ions is 
shown as an example in Figure 2.9. Four oligomers, each containing eight quaternary 
ammonium ions, were packed in an amorphous cell. The periodic boundary conditions is applied 
to eliminate surface effects. In this study, two IER systems containing different classes of anions 
were established in charge balance. System 1 has 4 oligomers
101
 attaching 16 carbonate ions to 
balance the charge, and the other one, system 2, has 4 oligomers attaching 16 bicarbonate ions 
and 16 hydroxide ions to balance the charge. System 1 and system 2 represent the reactant and 





Figure 2.9: Chemical structure of IER containing two side chains 
 
 
Figure 2.10: Chemical structures of reactant system 1 and product system 2 
 System 1 (S1) and system 2 (S2) are solvated with different numbers of water molecules. 
In the carbonate ion system (S1) simulations, the CO3
2- 
: H2O ratio is selected to be 1:1, 1:2, 1:3, 
1:4, 1:5, 1:6, 1:7, 1:8, 1:10, 1:15, 1:20, 1:25, 1:30, 1:50, and 1:80  respectively, and for the 
bicarbonate and hydroxide ion system (S2), HCO3
-
 : H2O ratio or OH
-
:H2O ratio is tested at 1:0, 
1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:9, 1:14, 1:19, 1:24, 1:29, 1:49, 1:79 respectively, from low to 
high humidity conditions. These two cases have one-to-one correspondence, since one water 
molecule reacts with one carbonate ion to form a bicarbonate and a hydroxide ion. The geometry 
configurations of S1 containing 80 water molecules (CO3
2- 
: H2O is 1:5) and S2 containing 64 
water molecules (HCO3
-





Figure 2.11: Geometry configurations of IER with ion species and water molecules. (a) S1 
contains 4 oligomers, 32 quaternary ammonium ions, 16 carbonate ions, and 80 water molecules. 
(b) S2 contains 4 oligomers, 32 quaternary ammonium ions, 16 bicarbonate ions, 16 hydroxide 






2.8.2 Simulation Procedure 
 
All molecular dynamics simulations were carried out in Materials Studio,
92
 the 
COMPASS Force Field was used for all geometry optimizations and MD simulations. The 
Dmol3 module was applied for QM calculation. The charges of all atoms in the carbonate ion, 
bicarbonate ion, hydroxide ion, and water molecule were assigned by QM calculation. 
The initial structures of S1 and S2 with different numbers of water molecules each were 
build in amorphous cells. Minimizations were carried out by the Quasi-Newton procedure, where 
the electrostatic and van der Waals energies were calculated by the Ewald summation method 
(the Ewald accuracy was 0.001kcal/mol, and the repulsive cutoff for van der Waals interaction 
was 6 Angstrom). In order to achieve a relaxed structure, the systems were further equilibrated 
by NVE ensemble simulation with 100 ps, and then an NPT ensemble was performed to obtain 
the relevant density values with different water numbers at standard state condition. Then run 
NVT ensemble for 200 ps to allow systems to achieve equilibrium. To estimate the 




 in Figure 2.3. NVT ensembles for another 300 ps 
were run with different densities at 298 K. A time step of 1.0 fs was used in all simulations. NPT 
ensemble used Nose thermostat and Berendsen barostat, and NVT ensemble used Nose 
thermostat. 
2.8.3 Energy Change of Chemical Reaction on Ion Exchange Resin 
 
We explored the fundamental mechanism of moisture swing IER sorbent for CO2 capture 
from air. Based on atomistic modeling, the system energy/enthalpy changes between two states 
with different number of water molecules were calculated. The energies/enthalpies of system 1 




 and n H2O), and system 2 (S2, polystyrene 
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 and n-1 H2O) were plotted against different number of 
water molecules in Figure 2.12(a) and (b) for energy and enthalpy respectively.  
(a)  
(b)  
Figure 2.12: (a)/(b) Change of Energy/Enthalpy in system 1 and system 2 as a function of the 
water numbers. In the carbonate ion system (S1), the CO3
2-
 to water ratio is selected to be 1:2, 
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1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:10, 1:15, 1:20, 1:25, 1:30, 1:50 and 1:80  respectively, and for the 
bicarbonate ion system (S2), the HCO3
-
 to water ratio is established at 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 
1:7, 1:9, 1:14, 1:19, 1:24, 1:29, 1:49, 1:79 respectively, from low to high relative humidity. 
These cases have one-to-one correspondence because of the reaction between one carbonate ion 
and one water.  
∆E1/∆H1 and ∆E2/∆H2 lack physical meanings They are energy differences shown as Figure 2.3, 
but not hydration energy which is the amount of energy released when ions undergo hydration. 
According to Figure 2.3, The attention here is restricted to the vector sum of ∆E3/∆H3 and the 
energy/enthalpy difference (∆E1/∆H1 and ∆E2/∆H2) between S1 and S2, where ∆E3/∆H3 is the 
reaction energy/enthalpy of (𝑁𝑅4)2𝐶𝑂3 + 𝐻2𝑂 ⇔  𝑁𝑅4𝐻𝐶𝑂3 + 𝑁𝑅4𝑂𝐻 , calculated by QM. 
Enthalpy includes the total energy difference at ground state ∆Etotal and finite temperature 
correction enthalpy difference ∆Htotal between reactants and products, i.e. ∆H= ∆Etotal + 
∆Htotal
298.15K
. The QM calculated energy and enthalpy are -13.996 kcal/mol and -14.497 kcal/mol. 
Based on the developed atomistic modeling methodology, the total energy/enthalpy change of 
Equation 2.2 is plotted with different number of water molecules, shown as Figure 2.13. The 
results also reveal that the system from an energy perspective favors forming HCO3
-
 ion and OH
-
 
ion hydration in relatively dry condition, while forming CO3
2-
 ion hydration in relative wet 
condition. This discovery is consistent with the previous findings on free energy changes in 
Equation 2.2 in a vacuum surrounding. The difference is the greater number of water molecules 
required for the system to stabilize in the bulk water limit. Reaction energy needs about 50 water 
molecules to reach this stable state in polystyrene system, which is far more than the about 30 
water molecules required in a vacuum surrounding. The reason is that the polystyrene backbones 
also attracts some water molecules around its matrix due to the van der Waals force acting on 
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them. These part of water molecules may not contribute to the chemical reaction of Equation 2.2. 
Plus the columbic force and van der Waals force caused by quaternary ammonium cations to 
water molecules are different from those of Na
+
 cations. Though the both models can explain the 
fundamental mechanisms of moisture swing CO2 capture phenomenon, the model with backbone 
can better describe a real ion exchange resin CO2 capture sorbent. 
(a)  





































Figure 2.13: (a)/(b) energy/enthalpy change of chemical reaction Equation 2.2 with different 
number of water molecules. 
2.9 Experimental Verification 
To confirm the effect of CO2 capture sorbent driven by water quantity. The CO2 
equilibrium concentrations and CO3
2-
/H2O ratios at different humidity conditions are shown in 
Figure 2.14. In this process, IER with CO3
2-
 were exposed to different levels of moisture in the 
surrounding air. If the sorbent is exposed to a low level of moisture, relatively larger amounts of 
OH
-
 ions are produced which react with CO2 in gas-phase without a free energy barrier
102
. By 
contrast, if the sorbent is exposed to a high level of moisture, the concentration of CO2 
equilibrated in the air is at a relative high level because of the low OH
-
 ion concentration on the 
sorbent. The CO2 sorbent sample, with a mass of 0.1299g, was made by soaking the IER in a 1M 
solution of Na2CO3 for four hours. Next, it was dried in a sealed chamber with dry air free of 
CO2 and then put into an experimental device comprising a sealed and closed chamber with 






































internal humidity control (See Figure 2.15). The CO2 concentration in the device was 
continuously measured by an infrared gas analyzer (IRGA, LI-COR, LI-840). Outside the 
chamber, the weight of absorbent sample at each relative humidity was measured in its CO2 free 
condition. The weight change of the sample indicates the amount of water bound to the IER 
under different humidity conditions. With the known resin’s ion charge density 1.9mol/kg (1.9kg 
CO3
2-
 per mole of resin), the ratio of H2O to CO3
2-
 ions can be calculated by the weight change. 
The ratio is taken relative to the nominal number of carbonate ions present, which assumes that 
all the anions are carbonate ions. The nominal ratio of H2O to CO3
--
 does not take into account 
the hydrolysis of some of the carbonate ions. The ratio considers the combination of a 
bicarbonate and hydroxide ion as equivalent to a carbonate.  In effect, the ratio of water uptake 
per carbonate can also be viewed as twice the ratio of water molecules to cations (NR4
+
), which 
are also assumed to be not hydrolyzed.  Lastly we note that in the closed system, where we 
measure the CO2 concentration in the gas volume, the gas volume is sufficiently small that a 
change in the CO2 concentration in the air, does not significantly affect the CO2 content of the 
resin. The blue line shows how the H2O to CO3
2-
 ion ratio increases with relative humidity (RH) 
increases. Then, the CO2 equilibrium concentration was recorded at each RH point. The 
equilibrium concentration of CO2 increases as the ratio of H2O to CO3
2-
 ion increases. This is 
shown as the red line. The experiment validates the theoretical results in Figure 2.8. Under 
relatively dry conditions, the low ratios of H2O/CO3
2- 
 are conducive to the production larger 
amounts of OH
-
 ions to absorb CO2 from air. The CO2 can again be released at higher pressures 
water vapor pressures by exposing the resin to higher levels of humidity. The efficient CO2 
absorption-desorption cycle is driven by inexpensive water instead of thermal energy or pressure 
changes. As noted above, the observed changes is essentially a change in the equilibrium 
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concentration over the resin, because the gas volume is too small to result in a large change of 
CO2 loading on the resin. 
 
Figure 2.14: Experimental verification. CO2 equilibrium concentration and water to carbonate 
ions ratio are corresponding to relative humidity. The blue line shows the H2O to CO3
2-
 ion ratio 
change with relative humidity change. Red line shows CO2 equilibrium concentration change 




Figure 2.15: Schematic of Experimental Device. The total amount of carbon dioxide on the 
sample and in the gas volume is constant. We can track the absorption and desorption of carbon 
dioxide by measuring the carbon dioxide content of the gas. The device can control the water 
vapor level in the closed gas circulation system. We can determine and characterize the process 
of CO2 absorption/desorption by sorbent in the test sample chamber. The experimental results 






In this chapter, the molecular mechanism of moisture driven sorbent for CO2 capture from 
air is explained for the first time. The free energy of ion hydration has been simulated with 
different number of water molecules. The deduced free energy change of hydrated ions 
undergoing hydrolysis shows that the absorbent system energetically prefers a bicarbonate and 
hydroxide ion over a carbonate ion, when the environment is relatively dry, and the resulting 
high content of hydroxide ion is more attractive for absorbing carbon dioxide. The higher degree 
of hydrolysis of carbonate ions in a relative dry environment (with carbonate ion to water 
molecule ratio more than 1:10), cannot be observed in an aqueous environment (since the ratio is 
1:20 when sodium carbonate is saturated in aqueous solution). This counterintuitive phenomenon, 
verified by both simulation and experiment, may be applicable to other basic and acidic ions, as 
well as shed some light on the fundamental interactions between ions and water in a confined 
space of solid materials. Based on this discovery, a nano-structured CO2 capture absorbent is 
developed to absorb CO2 spontaneously from ambient air when the surrounding is dry, while 
release CO2 when wet. The conversion between absorption and desorption of this new efficient 
sorbent can be switched only by low-cost water quantities instead of consuming costly energy to 
regenerate the sorbent. The novel technology for direct air capture of CO2 can help in dealing 
with the critical issue of global warming. A better characterization of the system will allow an 






Chapter 3 Design A Moisture Swing CO2 Sorbent 
This chapter is related to the paper “A Carbon Dioxide Absorption System Driven by 
Water Quantity” which is ready to be submitted. 
In Chapter 2, a moisture swing CO2 sorbent working process is described. The sorbent 
captures CO2 in a dry surrounding while releasing CO2 in a wet surrounding.   The underlying 
mechanism of moisture swing CO2 sorbent is explored. The reason is that the capability of 
carbonate ion to hydrolyze water is significantly enhanced in the dry surrounding of air (the 
quantity ratio of carbonate ion to water is higher than 1:10). Large amount of hydroxide ion 
existing in the dry surrounding can absorb CO2 from ambient air without energy barrier. The 
energy of chemical reactions on polystyrene backbones was also calculated. The moisture swing 
CO2 sorbent is not restricted into IER, different materials can also be applied to capture CO2 
based on the mechanism, like activated carbon. . In this Chapter, a simpler model with two 
confined carbon layers is applied to study the efficiency of hydration driven CO2 sorbent with 
respect to different pore sizes, hydrophobic/hydrophilic confined layers, temperatures, and 
distances of cations. Theses factors are also essential to the performance of the CO2 sorbent. By 
understanding the working mechanism of the CO2 sorbent and the role of each factor how to 
effect on the absorption performance, could help us to rationally design a higher efficiency 
moisture swing CO2 sorbent. 
The present study employs Molecular Dynamics (MD) and Quantum Mechanics (QM) 
simulations to reveal the ion hydration energy changes with water numbers under the condition 
of nano-confined layers, from which the mechanism of hydration driven absorption for CO2 
capture from ambient air is explained theoretically. Based on the principle of CO2 
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absorption/desorption by water quantity, the CO2 capture systems with other confined 
nanoporous structural materials or artificial nano-devices are investigated. The study may shed 
some insights on the future research of high-efficient CO2 capture system driven by humidity, 
instead of consuming more extra energy to regenerate, like heating, and contribute to other 
related areas such as ion hydrations and water/solid chemical reactions.  
 In section 3.1, the new model with nanoconfined layer is introduced.  In contrast to the 
calculations in Chapter 2, we introduce a confining layer of a hydrophobic material, here 
graphene to include the effects of the small pores that contain the water and the ions that interact 
to create a CO2 sorbent that is subject to the humidity swing.  With the confined layer, ions and 
water molecules have been restricted into a nanoconfined space without the ability to move 
freely. It captures aspects of the overall process that might have been overlooked in the previous 
calculation and introduces features and parameters to the reaction design that could be 
engineered for futre processes improvements.  Nanoporous materials like activated carbon can 
provide uniform nano-pores structure, which can maintain higher ratio of CO3
2-
 ions to H2O 
molecules than the ratio of CO3
2-
 ions to H2O molecules in structure of IER material. Therefore, 
more CO3
2-
 ions are functional in nanoporous material than in polystyrene material mentioned in 
Chapter 2. 
A two-dimensional ion hydration shell is generated instead of a three-dimensional 
hydration shell, which determines different energy levels of constrained ion hydrations from 
unconstrained ion hydrations with the same number of water molecules. In section 3.2, the 
influences of different parameters on moisture swing CO2 sorbent are investigated, as the 
distance of confinement layers, distance of cations, surface of treatment, and surrounding 
temperature. The motivation is to enhance the performance of original IER CO2 sorbent 
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according to employ other substrates or design optimal parameters for this CO2 sorbent. In 
section 3.3, results from several experiments are applied to prove the above computational 
theories, including design new functional nanomaterials for moisture swing CO2 sorbents and the 
effect of the distance of confinement layers 
3.1 Mechanism Study of Sorbent with Confined Layers 
3.1.1 Computational Method 
The computational method is similar as the one mentioned in Chapter 2. The free energy 
change in the reaction of Equation 2.2 
 
CO3
2− ∙ 𝑛H2O ⇔ HCO3
− ∙ 𝑚1H2O + OH
− ∙ 𝑚2H2O + (𝑛 − 1 − 𝑚1 − 𝑚2)H2O 
with different water amount is the key point to explain this phenomenon. Therefore, a 
methodology combined with MD and QM is outlined in Figure 3.1 to overcome the limitations 
of MD on simulating bond breaking/forming, whereas full QM or ab initio MD would 
computationally expensive. A sequential molecular process may be established in the 
corresponding thermodynamic cycle. Let ∆E1 and ∆E2 represent the hydration standard-state 
energy changes of system 1 (S1, a carbonate ion) and system 2 (S2, a hydroxide with a 
bicarbonate ion), respectively. ∆E3 represents the standard-state energy change of reaction 
CO3
2− + H2O ⇔ HCO3
− + OH− in vacuum at room temperature. ∆E1 and ∆E2 can be determined 
by MD simulations; the state of ∆E3 can be deduced from QM simulation. The total energy 
change ∆E=∆E1+∆E2+∆E3 of equation 2.2 can be evaluated as the number of surrounding water 





included in the computational cell. Note that the entropy change is not calculated since its impact 
on the system is small. 
 
Figure 3.1: Thermodynamic cycle of reaction energy change 
3.1.2 Computational Cell 
The proof-of-concept computational cell consisted of a graphene layer attached 200 
sodium cations, and 100 moveable carbonate ions (S1) as reactant, or 100 bicarbonate and 100 
hydroxide ions (S2) as product with different number (100 to 1500) of water molecules. A 
repeated unit configuration is shown in Figure 3.2 The graphene was treated as a rigid plate. 




Figure 3.2: Computational Cell. (a) (b) The computational cell of the model S1 and S2 
orthographic lateral view. (c) (d) Model S1 and S2 perspective plane view. The grey skeleton 
represents graphene, red balls represent oxygen, white balls represent hydrogen, and purple balls 
represent sodium. Graphene was treated as a rigid plate with fixed sodium cations attached. The 
ratio of carbonate ion to water molecules is 1:2 in the figure, which is only one example of 
various ratios of carbonate ion to water molecules. (1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:9, and 
1:15 studied in this paper) The initial distance between sodium cations was 3.5 Angstrom and 14 
Angstrom, along x and y direction respectively.  
The computational model represents a CO2 capture system driven by humidity. Graphene 
layer characterizes the characteristics of hydrophobic surfaces. Na
+
 ions represent a series of 
cations, such as K
+
 ions and NH4
+
 ions, attached to the surface of the hydrophobic material, like 
ion exchange resin. In this system, the varied environmental factors include water quantities, 
pore size (space between the surface layers), which was not considered in Chapter 2, distance 
between the attached cations, which also was not considered in Chapter 2, hydrophobicity of the 
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surface layer, and surrounding temperature. The impact of these parameters will be analyzed in 
the following. 
MD simulations were carried out using Materials Studio with the COMPASS 
forcefield,
103
 which is an ab initio forcefield optimized for condensed-phase application, 
assigned to all atoms in graphene, carbonate ion, bicarbonate ion, hydroxide ion, and water. 
Geometry and partial charges on all atoms of anions in gaseous and aqueous phases were 




. Geometry optimizations and population analysis of the 
anions were obtained according to Generalized Gradient Approximations (GGA) HCTH 
methods
104
 and the The “driple numerical plus polarization” (DNP) basis set. A p-type 
polarization function was employed for hydrogen bonding. The Simple point charge (SPC) and 
variable bond water model was used in our model. Minimizations were carried out by Quasi-
Newton procedure, where the electrostatic and van der Waals energies were calculated by the 
Ewald summation method
95
 (the Ewald accuracy was 0.001kcal/mol, and the repulsive cutoff for 
van der Waals interaction was 6 Angstrom). MD simulations for all configurations of systems 
were performed in NVT-ensemble (constant-volume/constant-temperature) at 298 K. A time step 
of 1.0 fs was used in all simulations. In most cases, the equilibrium values of thermodynamic 
parameters were reached within the first 50 ps for NVT using a Nose/Hoover thermostat
105,106
. 
All MD simulations were performed for 200 ps to achieve equilibrium followed by a 300 ps 
simulation for parameter deduction. 
The chemical reaction energy of 𝑁𝑎2𝐶𝑂3 + 𝐻2𝑂 ⇔  𝑁𝑎𝐻𝐶𝑂3 + 𝑁𝑎𝑂𝐻 (S3) in vacuum 
at ground state was simulated via first principle calculation. Na2CO3 with H2O, and NaHCO3 
with NaOH were treated as reactants and products respectively. The total energy at 0K was 
obtained via functional GGA HCTH and basis set DNP, the used functional is same as above. 
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Enthalpy correction at finite temperatures was computed according to Hessian evaluation of the 
translational, rotational and vibrational contributions. 
3.1.3 Fundamental mechanisms of a CO2 capture system driven by water 
quantity 
We first explored the fundamental mechanism of CO2 capture system driven by water 
quantity. From MD and QM simulations, the energy difference of the system between two states 
was calculated as the number of water molecules were varied. The energies of system 1 (S1, one 









 and with one OH
-
) were plotted against the variation of the number of 
water molecules (n) in Figure 3.3a and Figure 3.3b, for energy and enthalpy respectively. In the 
carbonate ion system (S1), the CO3
2-
 to water ratio is selected to be 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 
1:7, 1:8, 1:9, and 1:15 respectively, and for the bicarbonate ion system (S2), the HCO3
-
 to water 
ratio is established at 1:0, 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, and 1:14 respectively, from low to 
high relative humidity. These cases have one-to-one correspondence because of the reaction 





 (b)  
Figure 3.3: (a)/(b) Variation of Energy/Enthalpy in system 1 and system 2 as a function of the 
water numbers. The standard deviation of energy is smaller than symbols, and the standard 
deviation of enthalpy is less than 5.0. 



































































The energy/enthalpy changes in isolated systems of type S1 and S2, shown in Figure 
2.3, are not simple hydration energies which are the amount of energy released when ions 
undergo hydrations, thus, we restrict attention to the relative energy difference between the two 
competing scenarios, i.e., we focus on ∆E3 and ∆H3. According to Figure 3.1, 
∆E=∆E1+∆E2+∆E3 or ∆H=∆H1+∆H2+∆H3 where ∆E3 and ∆H3 are the energy and enthalpy 
change, respectively, in the reaction of 𝑁𝑎2𝐶𝑂3 + 𝐻2𝑂 ⇔  𝑁𝑎𝐻𝐶𝑂3 + 𝑁𝑎𝑂𝐻  in vacuum. 
Enthalpy includes the total energy difference at ground state ∆Etotal and finite temperature 
correction enthalpy difference ∆Htotal between reactants and products, i.e. ∆H= ∆Etotal + 
∆Htotal
298.15K
. The resulting energy and enthalpy are deduced as -10.377 kcal/mol and -10.191 
kcal/mol respectively. The negative sign of the energy change indicates that this reaction can 
occur spontaneously at room temperature. Based on the above MM and QM energy calculations, 
the total energy change of reaction pathway of equation CO3
2− ∙ 𝑛H2O ⇔ HCO3
− ∙ 𝑚1H2O +
OH− ∙ 𝑚2H2O + (𝑛 − 1 − 𝑚1 − 𝑚2)H2O, can be plotted as a function of the number of water 
molecules in Fig. 5. With less than 5 surrounding water molecules, the energy value is negative 
favoring the reaction pathway, and the negative energy value fluctuates with the conformation 
variation of hydration shells. However, when the number of water increases from 5 to 15 
molecules, the hydration energy difference increases rapidly from negative to positive, then 
approaches a steady plateau of about 23 kcal/mol. The reason is that the effect of ions on water 
molecules becomes gradually smaller with more water molecules present. This stands in contrast 
to the large impact on the average water molecule in the hydration shell when  less water is 
available. 
The variations and trend in Figure 3.4 show that with the reduction of the number of 
water molecules, it becomes more energetically favorable to form HCO3
-





hydration in a relative dry condition, whereas forming CO3
2-
 ion hydration in relative wet 
condition is favorable. The OH
-
 ions promote the absorption of CO2, since OH
-
 ions react with 
CO2 in gas-phase without a free energy barrier
102
. the hydrolysis effect on CO3
2-
 ions increases 
with the reduction of the number of water molecules because ion hydration shells have a greater 
effect on the CO3
2-
 hydrolysis equilibrium constant than bulk water, which results in this 
counterintuitive phenomenon. This discovery can explain the molecular mechanism of the 
observed phenomenon for absorbing CO2 in a dry condition. In what follows, several 
environmental factors affecting the moisture swing absorption of carbon dioxide are analyzed, 
which could enhance its system efficiency. 
 


































Figure 3.4: (a)/(b) Chemical reaction energy/enthalpy change of equation 2.2 with different 
number of water molecules. ∆E1/∆H1 and ∆E2/∆H2 are the mean values shown in Figure 3.3. 
3.2 Parametric study of CO2 capture system 
3.2.1 Effect of distance of confinement layers 
The analyses above are based on the proof-of-concept model which consists of a mono surface of 
graphene layer. The surface effect is now examined by exploring two competing systems: one 
confined between two layers and one “bulk system” without a surface as a theoretical analysis. 
The former consists of ions and water molecules sandwiched between two parallel graphene 
layers with distance D = 5Å, 7Å, and 9Å (three models) between them, and the latter consists of 
only ions and water molecules in vacuum, shown in Figure 3.5. Note that the Na
+
 cations are 
still fixed in their respective spatial locations (with the same pattern 3.5 Å × 14 Å as that in the 
proof-of-concept model). 



































Figure 3.5: (a) system confined between two graphene layers (b) bulk system 
Following the same MD/QM simulation procedure, Figure 3.6 plots the variation of the total 
energy/enthalpy change of the reaction in Equation 2.2 as a function of water molecules in the 
system. The energy/enthalpy change of the chemical reaction without confined layers is positive, 
shown as black line; whereas that in the 5Å confined system is negative, shown as blue line. The 
results notify that the smaller distance between two confined layers is more favorable to forming 
OH
-
 ion under the same humidity condition, which is more beneficial for absorbing CO2 from the 
surrounding air. In essence, the confinement affects the geometry formation of ion hydrations 
and the hydrogen bonds: in the confined system, ion hydrations are physically enforced to 
become two-dimensional in form, whereas in the bulk system hydration shell formation is more 
complete. The smaller interlayer distance is more conducive to maintaining the two-dimensional 





hydration is more stable than the hydrated carbonate ion. When the distance between the 
interlayer is larger than 9Å, the impact of nanoscale confinement on the chemical reaction 
Equation 2.2 is same as the effect of one single surface layer. This indicates that the application 
of nanoporous materials may be attractive for absorbing CO2, providing a feasible strategy of 





Figure 3.6: (a)/(b) Equation 2.2 Chemical reaction energy/enthalpy change with different water 
numbers under the condition of different distance of confined layers 
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3.2.2 Effect of distance of cations 
The spacing between the cations on the solid surface is another key factor which has a 
pronounced effect on the absorption efficiency of moisture-driven CO2 capture system. Figure 
3.7 shows the energy/enthalpy change of the reaction in Equation 2.2, under three rectangular 
patterns of sodium cations with different spacings: 14 Å × 3.5 Å, 14 Å × 7 Å, and 14 Å × 14 Å, 
respectively. All systems are confined between two graphene layers with separation of 7 Å. The 
14 Å × 3.5 Å rectangular pattern renders an obvious increase in the degree of chemical reaction 
in Equation 2.2. In essence, the geometry configuration of the ion distribution has a decisive 
influence. When the distance of two Na
+
 ions is relative close (3.5Å), a cross-shaped geometry 
configuration is formed by a HCO3
-
 and a OH
-
 anion with the two Na
+
 cations. The energy level 
of this geometry configuration is lower than the one of a CO3
2-
 ion locates in the middle of two 
Na
+
 ions under the condition of small number of water molecules, so that the reaction product 




 ions. However, when the distance of two Na
+





  anions are located in the vicinity of each Na
+
 cation, energy level of this 
geometry configuration is higher than the one of a CO3
2-
 ion is in the middle of two Na
+
 ions, 




  ions.   
In practice, the spacing or pattern of cations can be controlled by surface modification by 
attaching or self-assembling different groups of molecules on the surface, using nanoporous 





Figure 3.7: (a)/(b) Equation 2.2 Chemical reaction energy/enthalpy change with water numbers 
under the condition of different distance of cations 



































































3.2.3 Effect of the surface treatment 
Other factors can also affect the energy/enthalpy change of the reaction in Equation 2.2. 
Besides surface confinement and cation distance explored in Section 3.3.1 and 3.3.2, surface 
modification is another one. Figure 3.8 compares two CO2 capture systems confined by two 
hydrophilic hydroxyl graphene layers and that sandwiched between two hydrophobic graphene 
layers. The distance of confined layers and the patterns of attached cations are identical in both 
systems. Figure 3.9 shows that with the electrostatic attraction of the hydrogen bonds between 
water molecules and hydroxyls on hydrophilic surface, the hydrophilic layer is less conducive to 
generate OH
-
 ions, and thus less welcoming the formation of OH
-
 ions. Intrinsically, the 
solvation layers arise between two hydrophilic layers is not only as a result of the water 
molecules are physically confined between two surfaces and the existing anions and cations, but 
also as the hydrogen bonding between the water molecules and the hydroxyl surface,
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wherefore the hydrophilic layer undermines the original 2-D geometry configuration of ion 
hydration formed by ions and hydrophobic confined layers. 
 
Figure 3.8: Water-driven CO2 capture system (a) Hydrophilic layer, partial charges of 0.412e 





Figure 3.9: (a)/(b) Equation 2.2 Chemical reaction energy/enthalpy change with water numbers 
under the condition of different treatment of surface. 
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3.2.4 Effect of the temperature 
Another factor governing system performance may be the ambient temperature. Figure 
3.10 shows that with the same amount of water bound to the sorbent, the higher temperature is 
conducive to produce a larger amount of OH
-
 ions, enhancing carbon dioxide absorption 
efficiency. The enthalpies of reactants and products both have increased because of the rise of 
temperature, the increased amounts are different leading to a slightly greater relative energy gap, 
which makes Equation 2.2 have more trends to react to the direction of product. The increased 
temperature may also help to increase the number of effective collisions between molecules to 











































Figure 3.10: (a)/(b) Equation 2.2 Chemical reaction energy/enthalpy change with water numbers 
under the condition of different temperature. 
A more systematic parametric investigation may be carried out in future to optimize the 
material and system parameters, such as the confined pore size, cation’s distance or pattern on 
solid surface, hydrophobic surface treatment, and the temperature, etc. 
3.3 Experimental verification 
Based on the molecular mechanism of moisture-driven CO2 capture system, various 
nanoporous materials may be tested for absorption and desorption of carbon dioxide. Figure 
3.11, shows a number of examples of porous structures, whose performance may be modified 
using the aforementioned factors.  








































Figure 3.11: (a) Carbon nanotube (b) Activated carbon (c) Zeolite (d) Ion exchange resin. Grey 
ball is carbon, red is oxygen, yellow is silicon, blue is nitrogen, and white is hydrogen. 
 
3.3.1 CO2 capture system driven by water quantities 
To validate the feasibility of the water-driven CO2 capture system, we performed a 
humidity controlling test on CO2 capture based on an activated carbon material. The sorbent 
sample was prepared by soaking 0.0395g activated carbon into a 1M sodium carbonate solution 
for 4 hours, then dried out with free CO2 dry air. The prepared sample was put into a sealed 
chamber of an experimental device with temperature and humidity control. For the structure of 
experimental device, see Figure 2.15. The air humidity dew point in the experimental device 
was set first to  23.0
◦
C fand then turned down to -2.0
◦
C to detect the variation of CO2 
concentration which was measured by an infrared gas analyzer (IRGA, LI-840) 
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The CO2 concentration in the sample chamber changes with relative humidity. This is 
shown in Figure 3.12 (a). It shows that activated carbon impregnated with carbonate ions has a 
very clear moisture effect on CO2 absorption. The CO2 absorption process took place when the 




C. In this process, relative larger amounts of OH
-
 
ions were produced which could react with CO2 in gas-phase without a free energy barrier.
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Whereas, if the sorbent is exposed to higher level of moisture, the concentration of CO2 
equilibrated in the air is at a relative high level because of low hydroxide ion concentration on 
the sorbent. The 420 ppm lowest CO2 concentration at around the time 800s is because the 
nanopores physically constrains relative small amount of CO2, subsequently releases a part of 
CO2 to achieve the equilibrium partial pressure of CO2 over the sorbent. The effect on a sample 
of activated carbon without Na2CO3 on CO2 absorption was also measured as a reference test. 




C, and then increasing back to 23.0
◦
C.  
The CO2 concentration decreases from 655 ppm to 639 ppm then back to 655 ppm, only with 20 
ppm amplitude variation. It proves that the factor of CO3
2-
 ions with different number of water 








Figure 3.12: Experimental verification.  (a) CO2 concentration changes with relative humidity. 
Red line is the CO2 concentration. Blue line is the Dew Point in experimental device. (b) CO2 
equilibrium concentration and relative humidity are corresponding to water to carbonate ions 
ratio. The blue line shows the H2O to CO3
2-
 ion ratio change with RH change. Red line shows 
CO2 equilibrium concentration change with H2O to CO3
2-
 ion ratio change. 
Another experiment was conducted by using the same sample as above. The same 
experimental device (Figure 2.15) was employed to determine the sample weights and CO2 
equilibrium concentrations at different humidity conditions, The experiment was conducted by 
using 0.204g activated carbon with 0.2 ml 1M Na2CO3 solution dripped on it, then the sample 
was dried in vacuum chamber 72 hours. Next, the sorbent were full-loaded CO2 under the 
surrounding of dry (Dew Point is -10 
◦
C) and 400ppm CO2 atmosphere. 
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Figure 3.12 (b) First, the weight of absorbent sample at each dew point was measured in 
the CO2 free condition. The weight change of the sample is due to the changing amount of water 
adsorbed on the surface of activated carbon under different humidity conditions. Then, the ratio 
of water molecules to CO3
2-
 ions can be calculated by the weight change. Blue line shows the 
H2O to CO3
2-
 ion ratio increases with RH increases. Then, with the known ratio of water 
molecules to CO3
2-
 ions at each RH point, the CO2 equilibrium concentration was recorded under 
the each same RH point in the experimental device. The equilibrium concentration of CO2 
increases with the ratio of H2O to CO3
2-
 ion increases shown as red line. The experiment 
validates the theoretical results in Figure 3.4. In a drier condition, a lower ratio of H2O to CO3
2- 
ion ratio is conducive to produce larger amount of OH
-
 ions to absorb CO2 from air.  
 
 
3.3.2 Effect of distance of confinement layers 
In order to prove the nanoporous materials with confine-layer structure are attractive for 
absorbing CO2 by producing larger amount of OH
-
 ions than single-layer structure. Four 
candidate samples: 1
st
 candidate nanostructured graphite containing nanopores 0.1610g and 2
nd
 
candidate single-layer graphene 0.1494g were prepared by dripping 1M Na2CO3 solution 0.2cc 
on each sample, and then dried in vacuum chamber. The weights of ready-to-test samples are 
0.1820g and 0.1689g, respectively, both carrying around 0.02g Na2CO3 powder. The 3
rd
 
candidate 0.02g pure Na2CO3 powder and 4
th
 candidate 0.1610g nanostructured graphite were 
also prepared as reference. Same experimental device (see Figure 2.15) was employed to 
determine the amount of CO2 under different humidity conditions, shown as Figure 3.13. All 
four fresh samples were put into the experimental device at the same starting state: 655 ppm CO2 
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concentration and 15 ̊C Dew Point water concentration. The equilibrium CO2 concentrations of 
each sample at 15 ̊C Dew Point and 5 ̊C Dew Point were measured. The 1st sample nanomaterial 
with Na2CO3 shows a clear CO2 concentration variation under different humidity condition, 655 
ppm CO2 concentration at 15 ̊C Dew Point and 450 ppm CO2 concentration at 5 ̊C Dew Point. 
The 4
th
 sample nanostructured graphite also has a minor variation of CO2 concentration under 
different humidity conditions. This is a common phenomenon of physical adsorption. Sample 
adsorbs more water molecules when the water pressure above the sample increases while desorbs 
CO2 leading CO2 concentration increases. However, sample adsorbs less water molecules when 
the water pressure above the sample decreases while absorbs CO2 leading to CO2 concentration 
decreases. Note that single-layer graphene sample and pure Na2CO3 powder don’t show the 
humidity swing which means these two absorbents cannot be regenerated by increasing water 
amount. This experiment verifies that the confined nanopores cause the moisture swing CO2 
sorbent to absorb CO2 when surrounding is dry while release CO2 when surrounding is wet. 
Meanwhile, the CO2 absorption capacity of the four candidates were measured under the 
same humidity condition at Dew Point 5
◦
C, shown as Figure 3.14. The experiment results show 
that nanostructured graphite sample absorbed 2.80cc CO2 which is more than 0.65cc, 0.50cc CO2 
and 0.45cc CO2 absorbed by 2
nd
 single-layer graphene sample, 3
rd
 Na2CO3 powder and 4
th
 
nanostructured graphite sample, respectively. This experiment qualitatively verifies the 
theoretical results in Figure 3.6 and provides a feasible strategy of improving the efficiency of 
moisture-driven CO2 sorbent. Capacities of sorbents with various pore sizes will be proceeded in 
the next step. The objective is to find the optimal pore size to enhance the capacity of moisture 





Figure 3.13: CO2 concentration change with different water numbers under the condition of 
different distance of confined layers. 
 
Figure 3.14: CO2 absorption capacity of four different samples. Sample 1 is Nanostructured 
Graphite with Na2CO3, Sample 2 is Single-layer Graphene, Sample 3 is Na2CO3 Powder, Sample 
4 is Nanostructured Graphite. 
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The experiment about effect of distance between cations will be performed by using Ion 
Exchange Resin with different ion charge densities, and the temperature effect will be fulfilled in 
incubator next step. 
3.4 Summary 
The change in energetically favorable states of different ion species with different water 
quantities underpins water-driven CO2 capture system from ambient air. Using MD combined 
with QM simulations, the deduced hydration ion energy shows that CO2 capture system 
energetically prefers bicarbonate and hydroxide ion over a carbonate ion and water when the 
environment is dry, and the resulting high content of hydroxide ion is more attractive for carbon 
dioxide absorption. Moreover, the effects of pore size, hydrophobic or hydrophilic confined layer, 
temperature, and distance of cations on the efficiency of CO2 capture system are illustrated via 
the amount variation of hydroxide ions as the function of water quantity. A parallel CO2 
absorption experiment by ion exchange resin is carried out to verify the working principles and 
simulation findings. 
The MD combined QM methodology developed in this paper provides a more efficient 
way to study similar problems which can be depicted by thermodynamic cycle as Figure 3.1. 
The higher degree of the hydrolysis reaction between carbonate ion and water molecules at 
solid/water interface in a relative dry environment, may be applicable to other weak base and 
weak acid ions. This counterintuitive phenomenon also sheds some light on the fundamental 
interactions of ion hydrations in a confined space of solid materials. Underlying mechanism 
comprehension and parametric studies will help a developed design of more efficient energy-
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saving water-driven CO2 capture absorbent. The parametric optimization investigation may be 


















Chapter 4 The Effect of Moisture on the Hydrolysis 
of Basic Salts 
This Chapter is derived from the paper “The Effect of Moisture on the Hydrolysis of 
Basic Salts” which has been published on Chemistry-A European Journal. 
In Chapter 3, besides exploring the the working mechanism of the moisture swing of a 
CO2 sorbent by computational modeling and experiment, the parameters describing a sorbent 
material were also explored from the perspective of designing new sorbents with better 
performance. The boundary layers of a moisture swing CO2 sorbent were modeled as graphene, 
which was treated as rigid plate standing in for a series of materials containing nanoconfined 
spaces. The results show that the degree of hydrolysis of carbonate ions in the presence of water 
is significantly enhanced in nanoconfined space. The reason is the high ratio of carbonate ions to 
water in nanopores. This ratio may be as large as 1:1 which is much higher than the 1:20 
achievable in a bulk water surrounding. As a result of the hydrolysis, large numbers of hydroxide 
ions are produced. The hydroxide ions present can absorb CO2 from ambient air. 
This discovery inspired us to explore the hydrolysis of a series of basic salts in 
nanoconfined spaces and in small droplets in the open atmosphere, where high ratios of ions to 
water molecules have also been observed. The hydrolysis degrees of these basic salts in 
nanopores and in nano-droplets in the open atmosphere may differ from those in bulk water 
surroundings. These findings may shed light on vast chemical reactions in confined water 
surrounding, solid surface and atmosphere air. In this Chapter, we only rely on QM calculations 
and not MD calculation for more accurate calculation of energy. Based on the modeling of the 
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free energy of reactants and products, we found the free energy change in the hydrolysis reaction 
and how it changes with number of water molecules present.  
First, we present a quantitative analysis of the energetics of ion hydration in nanopores 
with different number of water molecules present. This result is based on atomic modeling of a 
series of basic salts associated. The results show that the degree of hydrolysis of basic salts in the 
presence of a few water molecules is significantly different from that in bulk water. The reduced 




























ions. However, reducing the availability of water inhibits the 




). Next, we compared our modeling results with 
experimental results to access the reliability of our computational modeling work. Last, we 
separate the free energy into an enthalpic component and an entropic component to specify the 
dominant component in this chemical reaction. This finding sheds some light on a vast number 
of chemical processes in the atmosphere and on solid porous surfaces. The discovery has wide 
potential applications including designing efficient absorbents for acidic gases. 
4.1 Background 
A great deal of information exists concerning the hydration of ions in bulk water. Much 
less known, but equally ubiquitous is the hydration of ions holding on to several water molecules 
in nanoscopic pores or in small clusters in open air at low relative humidity. Such hydration of 
ions with a high ratio of ions to water molecules (up to 1:1) are essential in determining the 
energetics of many physical and chemical systems. Ions strongly interact with water and are 
usually hydrated carrying from several to several tens of water molecules when present in the 
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natural atmosphere or on solid porous surfaces
30
. Interfaces with hydrated ions play an important 
role in a wide range of natural and fundamental processes
31-34
, such as environmental chemistry, 
electrochemistry, corrosion, and nanoparticle self-assembly. Hydration of ions on solid porous 
surface is of fundamental interest as it underpins numerous applications from desalination 
technologies
108-110
, over fuel cells
111
 to capacitors with enhanced capacitance
112
. Ion hydration 
clusters outside of bulk water significantly enhance the rate and extent of chemical reaction 
probabilities
35-37




 can be oxidized by OH radicals or O3 at the air-water 
interface with mechanisms different from those in the bulk phase
113
; the dynamics of dissociation 
reactions at alumina-water interfaces are different at low and high water coverage
114
.  
Previous experimental observations can shed some light on the detailed structure and 
bonding information of the hydrated interface at the molecular level
72,73
. Spectrographic studies 
suggest highly ordered structures of water molecules and dissociation of hydration water at the 
gas/solid interface.
74,75
. Computer simulation provides an alternative way to better understanding 
of hydration phenomena of ions, ion pairs, and solid-liquid interfaces
81-83
, such as the role of 
hydration energy and structural change with reduced water activity
84,85
, which shows a high 
degree of positional ordering parallel to the surface. The comparison between dissociative and 
associative adsorption of water on the calcite surface
88-90
 argued that the water dissociation is 
strongly disfavored even on surface defects of vacancies, except near a CO3
2-
, where water 






4.2 Free Energy of Hydrolysis of Basic Ions 
4.2.1 Computational Model 

















) in the presence of 
different number of water molecules (n) in the range from 1 to 20, as shown Equation 4.1. X 
stands for the basic ion, m is the valence, n is the number of water molecules: 
The geometric configurations of hydrated ions are shown in Figure 4.1. Number of m mobile 
cations (Na
+
) are included in the system, in order to balance the anionic charges. The free energy 
changes are obtained via calculating the energetics difference between reactants and products by 
Quantum Modeling (QM). Next section, we decompose the free energy change into enthalpic 
and entropic components. This procedure allows one to identify the driving forces governing the 
free energy change of Equation 4.1.  
𝑋𝑚− + 𝑛𝐻2𝑂 ⇔ 𝐻𝑋




Figure 4.1: Simulation snapshots of reactants and products of hydrolysis of S
2-
 with different 
numbers of water molecules present. While the example consider the sulfur anion, S
2-
 could be 
replaced by all other divalent basic ions, but the choice of ion will affect the geometry of the 
hydration and the hydrolysis process. In the S
2- 
ion system simulations, the reactants S
2-
 to H2O 
ratio is selected to be 1:1, 1:2, 1:3,1:4, 1:5, 1:6, 1:7, 1:8, 1:10, 1:15, 1:20 respectively, and for the 
products the ratio of HS
-
 to H2O ratio is 1:0, 1:1, 1:2, 1:3,1:4, 1:5, 1:6, 1:7, 1:9, 1:14, 1:19, 
correspondingly. Shown in the figure are the reactants with a ratio of S
2-
:H2O at 1:1, 1:10, 1:20 
and the corresponding products with a ratio of HS
-
:H2O of 1:0, 1:9, 1:19. Figure 4.2 and Figure 
4.3 show the simulation snapshots of trivalent (PO4
3-
) and monovalent (HS
-




Figure 4.2: Simulation snapshots of reactants and products of hydrolysis of PO4
3-
 with different 
amount of water molecules as samples      
       
Figure 4.3: Simulation snapshots of reactants and products of hydrolysis of HS
-
 with different 
amount of water molecules as samples 
84 
 
4.2.2 Computational Methods 
All molecular dynamics simulations were performed using Materials Studio
92
, which is a 
modeling and simulation environment to study atomic and molecular structure in material 
science and chemistry. Geometry and partial charges on all atoms of ions in gaseous phases were 




 Geometry optimizations and population 
analysis of the ions were obtained according to Generalized Gradient Approximations (GGA) 
DFT formulation which includes the effect of charge-density inhomogeneity, and the HCTH 
functional
104. The “triple numerical plus polarization” (TNP) basis set was utilized in the present 
work.  TNP is the best accuracy and the most expensive basis set in the DMol
3
 code. It includes 
additional polarization functions on all atoms. The quality of self-consistent field (SCF) 
convergence tolerance was set as “fine” with a convergence tolerance 1×10-5 hartree on total 
energy, 2×10
-3
 hartree/Å on the gradient, and 5×10
-3
 Å on the displacement in our calculations. 
The chemical reaction energy of 𝑋𝑚− + 𝑛𝐻2𝑂 ⇔ 𝐻𝑋
(𝑚−1)− + 𝑂𝐻− + (𝑛 − 1)𝐻2𝑂 in a vacuum 
connecting ground states was calculated by the energy difference between reactants and products. 
All the reactants and products are optimized to the local minimum without imaginary frequency. 
The free energy change at finite temperatures was computed according to the various 
translational, rotational and vibrational components. 
To determine the free energy of reaction from QM calculations, the thermodynamic cycle, 
shown as Figure 4.4, was employed. If the heat capacities of the reactants and products between 
the two temperatures are known, the enthalpy of reaction at temperature T1 can be calculated 
from the enthalpy of reaction at T0. ∆S is given by ∆S = ∆Svib + ∆Strans + ∆Srot. The Gibb’s 




Figure 4.4: Chemical reaction thermodynamic cycle between different temperatures. 
4.2.3 Reaction Free Energy of Hydrolysis of Basic Ions with Different 
Number of Water Molecules  
The free energy differences between reactants and products of hydrolysis of all basic ions 
at 298.15K are calculated for different numbers of water molecules present. The number of water 
molecules is denoted by (n). In the simulation, the reactants trivalent basic ion 𝑋3− : H2O ratios 
are selected to be from 1:1 up to 1:15 and products 𝐻𝑋2− : H2O ratios are from 1:0 up to 1:14; 
the reactants divalent basic ion 𝑋2− : H2O ratios are from 1:1 up to 1:20 and products 𝐻𝑋− : H2O 
ratios are from 1:0 up to 1:19; the reactants monovalent basic ion 𝑋− : H2O ratios are from 1:1 
up to 1:10 and products 𝐻𝑋 : H2O ratios are from 1:0 up to 1:9, from dense to dilute solution, 
respectively. The selection of the maximum number of water molecules depends on the size of n, 
for which the energy difference between the reactants and products becomes stable.  
Figure 4.5 (a), (b), and (c) present the reaction free energies ∆G of Equation 4.1 for the 
hydrolysis of these basic ions with different number of water molecules. For the trivalent and 
divalent basic ions, the reaction free energies ∆G increase rapidly with the increase in the 
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number of water molecules, then they reach a plateau at a large number of water molecules. The 
smaller value of the reaction free energy at low values of n, means a greater degree of the 
chemical reaction in the forward direction. The present analysis shows that the hydrolysis degree 
of multi-valence basic ions is enhanced significantly with reduction of the number of water 
molecules. With a small number of ambient water molecules, the relatively dry system becomes 
more energetically favorable to form products 𝐻𝑋(𝑚−1)− and 𝑂𝐻−  ion hydrations, whereas 
reactants 𝑋𝑚− ion hydration occurs in relative wet condition. Conversely, for the monovalent 
basic ions, ∆G decreases rapidly with the increase in the number of water molecules and then 
touches down to a flat bottom. Hydrated reactants 𝑋−  ions prefer to exist in relative dry 
condition. A small number of water molecules inhibits their hydrolysis. In other words, trivalent 
and divalent ions can hydrolyze much more H2O into OH
-
 ions, while monovalent ions can 
hydrolyze much less H2O into OH
-
 ions under relatively dry condition. The hydrolysis degree of 
all basic ions holding only a few  water molecules is significantly different from the degree of 
hydrolysis of basic salts in bulk water; in other words, the hydrolysis reaction has a moisture-
effect characteristic, which was first found in anionic, strong based exchange resins, whose 













Figure 4.5: Equation 4.1 free energies of hydrolysis of basic ions change with water numbers. 
(a) trivalent basic ion PO4
3-















.   
The hydration shells around ions dissolved in water can be separated into two regions: a 
hydration shell, where the water is immobilized and electrostricted, and bulk water, where water 
molecules are still attracted by the Coulomb electric field of the ion, but they are mobile and not 
bound to the ion. Even farther away from the ion the water is essentially unaffected by its 
presence. The reason of the significantly different hydrolysis degree at different number of 
waters present is the energetic change in the hydration shell, which determines the energy levels 
of the reactants and products when a limited number of water molecules are present. Fewer water 
molecules could result in a different geometric configuration of the inner hydration shell, leading 
to different energy levels of ion hydration. Energy states can be very different than in the bulk 
water changing the free energy of the hydrolysis reaction. Shown in Figure 4.5, for all the basic 
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ions studied, the energetic levels between the reactants and the products are highly dependent on 
the number of water molecules when this number is below a critical threshold (the critical 
numbers in trivalent and divalent ion hydrations are less than about 15 molecules, while in 
monovalent ion hydration shells they are less than about 6 molecules). With the increase of the 
water molecule number, the energy difference asymptotically approaches stable values due to the 
Coulomb potential of the basic ions in free water.  
4.2.4 Reaction Free Energy of Hydrolysis from Experiment and Modeling 
In terms of the basic strength of these ions, the larger value of the reaction free energy 
means a smaller degree of hydrolysis and weaker basicity. The reaction free energy from 
modeling for large values of n, approximates the free energy for the bulk solution and therefore it 
can be compared with experimental results of hydrolysis equilibrium constants of ions in 







PO43- 2.117 3.948 0.328 
S2- -6.817 -10.361 1.567 
CO32- 5.052 2.423 0.679 
HPO42- 9.266 9.181 0.171 
SO32- 9.266 6.835 0.248 
SO42- 16.472 21.449 0.168 
CN- 6.274 7.434 0.162 
HS- 9.544 9.546 1.139 
Table 4.1. Based on the quantum calculations for large n, the descending order of the 















. This is consistent with the experimental results for basicity in aqueous 
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. Although on the same order 




 have relative large errors. The error of 
the present quantum modeling may result from n not being large enough to have reached the bulk 
water limit, and also searching for lowest energy state by QM when n is large. 
 










 2.117 3.948 0.328 
S
2-
 -6.817 -10.361 1.567 
CO3
2-
 5.052 2.423 0.679 
HPO4
2-





 9.266 6.835 0.248 
SO4
2-
 16.472 21.449 0.168 
CN
-
 6.274 7.434 0.162 
HS
-
 9.544 9.546 1.139 
Table 4.1: Reaction free energy from experiment and modeling 
4.2.5 Decomposition of Free Energy  
Figure 4.7 (a), (b) and (c) show the enthalpic component ∆𝐻(𝑛), and in Figure 4.7 (d), 
(e) and (f) the entropic component 𝑇∆𝑆(𝑛) of the reaction free energy ∆𝐺(𝑛). Note that these 
components sum up to the reaction free energy via ∆𝐺(𝑛) = ∆𝐻(𝑛) − 𝑇∆𝑆(𝑛). The enthalpies 
for all basic ions are consistent with the trends of the change in the reaction free energies with 
the number of water molecules. The entropy differences between reactants and products for all 
ions are essentially invariant as the number of water molecules changes. Hence, the different 
degrees of hydrolysis of basic ions with different water numbers are based primarily on enthalpic 
effects. 
 





    (b)                                                                      (e) 
 
(c)                                                                     (f) 
Figure 4.7: Decomposition of the reaction free energy of Eq. 1 into enthalpic components (a, b 
and c), and entropic components (d, e and f). The enthalpy and entropy are plotted as the energy 
difference with respect to the number of water molecules. 
The effect of moisture on the chemical reaction and basicity of divalent basic ions, which 
is explained by the impact additional water has on the hydration energy of ions, implies that it is 
easier to hydrolyze H2O into a larger amount of OH
- 
ions upon relatively dry condition. This 





introduced in Chapter 1, Chapter 2 and Chapter 3, moreover, with the new insights from this 
analysis can be generalized to other acidic gases. Such sorbents only consume low-cost water 
instead of expensive energy for regeneration. A specific implementation of such a sorbent system 
utilizes anionic ion exchange resins (IER) for managing the moisture in contact with the anions 







 ions is controlled by the amount of water present, which in turn responds 
to the humidity conditions in ambient air. This moisture-driven chemical reaction is useful in a 
practical implementation for capturing CO2 from ambient air
18
. The substitution of water that 
evaporates for energy has significant cost advantages and represents a significant advance in air 
capture technology. 
4.3 Summary 
In Chapter 4, we demonstrate through quantum modeling a series of unconventional 

















) containing several water molecules is significantly different from that in bulk 
water and can be controlled by adding or removing water. The reaction free energy of the 
hydrolysis of basic salts were decomposed to enthalpic component and entropic component. The 
enthalpy change due to a change in the number of water molecules determines the hydrolysis 
degree of basic salts. This unique mechanism sheds some light on a vast number of chemical 
processes of hydrated ion pairs in nanoscopic pores and in the natural atmosphere. The finding 
also suggests that the multiple valence acidic ions can hydrolyze H2O to create larger amount of 
protons with the decrease of water amount.  
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The discovery also has wide potential applications, including on design options for more 
efficient novel absorbents to absorb acidic gases by modifying the water content of their 
environment rather than using traditional energy-consuming sorbent material. Using Quantum 
Mechanics, this discovery theoretically elucidated the underlying mechanism of the moisture 
swing CO2 capture sorbent which was demonstrated in Chapter 1. The conversion between 
absorption and desorption of this new efficient sorbent can be switched only by low-cost water 
quantities instead of consuming extra costly energy to regenerate. The novel technology for 













Chapter 5 Humidity Effect on Diffusion and 
Structure of a CO2 Sorbent  
5.1 Introduction 
This chapter is related to the paper “Humidity Effect on Diffusion and Structure of a 
Moisture-swing CO2 sorbent”, which is to be submitted. 
Chapter 1 introduced a moisture swing CO2 capture sorbent which is an Ion Exchange 
Resin (IER). This resin after washing with a carbonate solution can absorb CO2 from ambient air 
when the surrounding is dry; It will release this CO2 again when the surrounding is wet. This is 
depicted in Equation 1.5-1.8. The quaternary ammonium cations are attached to the polymer 







moveable within the resin with different diffusion rates. This chapter describes the transport 
properties of anions and water molecules under different moisture surroundings regarding mean 
square displacement (MSD) and radial distribution functions (RDF). 
The diffusions of movable anions and water molecules in IER are essential to determine 
the absorption efficiency of the sorbent. By studying the diffusivity and structures of functional 
substances under different moisture concentrations can help us to design a more efficient sorbent 
for CO2 capture and understand the underlying working mechanisms. MD simulations are 
especially appropriate for studying complex polymer systems
116-120
 and water structures
121-123
, 
since it can be applied to expose nano-structure features without a priori structural model. 
Researchers have calculated the diffusion of molecules in polymer system
124-128
 and investigated 
the moisture effect on epoxy resins by MD simulation. Lin
129
 investigated the diffusion 
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coefficient and the activation energy of epoxy resin under moisture environment and showed that 
the results from MD simulations and experiments are in reasonable agreement. Wu
130
 studied the 
influences of absorbed water on structures and properties of crosslinked resins including the 
diffusion coefficient of water, radial distribution function, geometry configuration and mobility 
of polymer network chains. Chang
131
 performed MD to study the hygroscopic properties of resin 
materials regarding diffusivity and swelling strains respect to temperature and moisture 
concentration. Lee
132
 simulated the distribution and diffusion of water in epoxy molding 
compound, considering the effect of water content. 
Although the diffusion of moisture in polymer has been studied by experiments and 
computer simulations, the transport properties of anion exchange resin (IER) for moisture-swing 
CO2 capture in air have not been studied in this type of research, since IERs were previously 






 investigations have been carried 
out to explain the underlying mechanism of CO2 sorbent of moisture swing
115
, but the diffusive 
and transport characteristics remain unclear at molecular level. In this study, for the first time, 
MD simulation was carried out to investigate the diffusivity and structures of ions and water 
molecules in a CO2 capture sorbent under various humidity conditions.  
5.2 MD Simulation 
5.2.1 Models of Ion Exchange Resin 
The IER in the simulation is composed of a polystyrene backbone with quaternary amine 
ligands attached to the polymer. These quaternary amine groups carry a permanent positive 
charge. They can be depicted as NR4
+
, in which R is an organic carbon chain, at least one of 
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these is attached to the polymer matrix. The positive ions fixed to the polymer backbone cannot 
release a proton. Therefore the resulting resin is a strong base resin. 
A model of oligomer containing eight side chains with eight quaternary ammonium ions 
was built for the MD simulation, which has been introduced firstly in Chapter 2. A oligomer 
includes two quaternary ammonium ions is shown in Figure 5.1. Four oligomers, each 
containing eight quaternary ammonium ions, were packed in an amorphous cell. The periodic 
boundary conditions was applied to eliminate surface effects. In this study, two IER systems 
containing different classes of anions were established in charge balance. System 1 has four 
oligomers attaching sixteen carbonate ions, and the other one system 2 has four oligomers 
attaching sixteen bicarbonate ions and sixteen hydroxide ions. System 1 and system 2 stand for 
reactant and product of Equation 2.2 CO3
2− ∙ 𝑛H2O ⇔ HCO3
− ∙ 𝑚1H2O + OH
− ∙ 𝑚2H2O + (𝑛 −
1 − 𝑚1 − 𝑚2)H2O respectively, shown in Figure 5.2. 
 




Figure 5.2 Chemical structures of reactant system 1 and product system 2 
    System 1 (S1) and system 2 (S2) are solvated with different numbers of water 
molecules. In the carbonate ion system (S1) simulations, the CO3
2- 
: H2O ratio is selected to be 
1:5, 1:10 and 1:15 (total water molecule numbers are 80, 160 and 240 in the computational cell) 
respectively, and for the bicarbonate and hydroxide ion system (S2), HCO3
-
 : H2O ratio or OH
-
:H2O ratio is tested at 1:4,1:9 and 1:14 (total water molecule numbers are 64, 144, and 244 in the 
computational cell) respectively, from low to high humidity conditions. These cases have one-to-
one correspondence, since one water molecule reacts with one carbonate ion to form a 
bicarbonate and a hydroxide ion. The geometry configurations of S1 containing 80 water 







Figure 5.3: Geometry configurations of IER with ion species and water molecules. (a) S1 
contains 4 oligomers, 32 quaternary ammonium ions, 16 carbonate ions, and 80 water molecules. 
(b) S2 contains 4 oligomers, 32 quaternary ammonium ions, 16 bicarbonate ions, 16 hydroxide 
ions and 64 water molecules. 
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5.2.2 Simulation Procedure 
All molecular dynamics simulations were carried out in Materials Studio,
92
 The 
COMPASS Force Field was used for all geometry optimizations and MD simulations. The 
COMPASS uses an ab initio force field optimized for condensed-phase applications. This force 
field was assigned to all atoms in the carbonate ion, bicarbonate ion, hydroxide ion, and water 
molecule. 
Three cases of S1 (CO3
2-
:H2O ratio is selected to be 1:5, 1:10 and 1:15) and three cases of 
S2 (HCO3
-
:H2O ratio is tested at 1:4, 1:9 and 1:14) were built in amorphous cells. Minimizations 
were carried out by the Quasi-Newton procedure, where the electrostatic and van der Waals 
energies were calculated by the Ewald summation method (the Ewald accuracy was 
0.001kcal/mol, and the repulsive cutoff for van der Waals interaction was 6 Angstrom). In order 
to achieve a relaxed structure, the systems were further equilibrated by NVE ensemble 
simulation with 100 ps, and then an NPT ensemble was performed to obtain the relevant density 
values with different water numbers at standard state condition. The system achieved equilibrium 
after running 200 ps in NVT ensemble. Finally to estimate the diffusivity and Structure of 
molecules, NVT ensembles for 0.5 ns were run with different densities at 298 K. A time step of 
1.0 fs was used in all simulations. NPT ensemble used Nose thermostat and Berendsen barostat 
and NVT ensemble used Nose thermostat. 
The diffusion coefficients for all ions and molecules were calculated from the Einstein 
relation
137















 where D is the diffusion coefficient,  𝑟𝑖(𝑡) is the coordinate of the center of the mass of the ith 
H2O molecule and N is the number of calculated molecules in the system. The value of mean 
square displacement (MSD) of molecules calculated in MS is the average over a time interval for 
all molecules in a set. Therefore, Equation 5.1 can be simplified to  D = a/6, where a denotes 
the slope of the best-fit line of MSD versus time. 
The interactions of molecules and ions in IER were examined by calculating radial 
distribution functions (RDFs) of atoms of interest. These functions, also referred to as pair 
correlation functions, provide insights into the structure of studied models. In a cell with volume 
V, for two groups of atoms A and B, they can be determined by 
                
 
Where i and j refer to the ith and jth atoms in group A and group B. NAB is number of atoms are 
in both groups A and B, and the angle bracket implies averaging over different configurations. 
For a single group of atoms, accordingly, Equation 5.2 can be simplified as  
    
 
these functions give the probability of finding an atom at a distance r from another in completely 
random distribution. They may be employed to to investigate the interactions between quaternary 
ammonium cations and ions under different humidity conditions, therefore, analyze the role of 
water in IER systems. 
 
𝑔𝐴𝐵(𝑟) =









5.3 Results and Discussion 
5.3.1 Humidity Dependence of Diffusivity 
Molecules diffusions in IER were studied under three relative humidity conditions (40%, 
50%, 60%). The one-to-one corresponding humidity condintons to the ratios of CO3
2- 
: H2O are 
1:5, 1:10 and 1:15 (S1), and the ratios of HCO3
-
 : H2O are 1:4,1:9 and 1:14 (S2) respectively
115
. 
Figure 5.4 shows time-averaged MSDs of water molecules in S1 and S2 versus time with respcet 
to the different humidity conditions. Figure 5.5 shows the time-averaged MSDs of ion CO3
2-
 in 




 in S2 versus time with respect to different humidity conditions. Here, 
the slope of the plots are proportional to the diffusion coefficient in the system, therefore, the 
diffusion coefficients (D) were calculated. The diffusion coefficients of water molecules and ion 
species are shown in Figure 5.6.  
 





Figure 5.5: MSDs of CO3
2-




 ion in S2 versus time with respect to 
different humidity conditions. 
 




In general, the diffusion coefficients of water molecules and all ion species increase as 
the humidity increases. A higher humidity level means a higher hydration level. More water 
molecules are uncoordinated to NR4
+













 pairs at a higher level of hydration. Higher water content also leads to a 
better connected water-channel network, which can also stimulate water transport.  
From a comparison of different ion species and water molecules under the same humidity 
condition, it is clear that the motilities of ion species are much lower than those of water 
molecules. This is reasonable, considering the strong electrostatic attraction between negative 
charged ions and NR4
+
 end-groups. Note that although NR4
+
 groups can exhibit local mobility, 
they are attached to the polystyrene backbone and therefore do not diffuse through the system. 
By comparison, water is much less restricted to move within the simulation box, although water 
molecules can create relative weak H-bonds to NR4
+
 groups. Based on observation of local 
dynamics in the simulations, the water molecules and ion species which are farther away from 
backbones with NR4
+
 group are much more mobile than those situated closer to the walls of the 
backbones. The quaternary ammonium cations NR4
+
 tend to immobilize and stabilize water 
molecules and ion species and thus reduce local mobility.  
From the comparison of the diffusion coefficient of ion species in two systems, the 
results show the mobility of carbonate ions is lower than those of bicarbonate ions and also 
hydroxide ions, for all humidity levels considered herein. The reason is that the carbonate ion has 
higher valence which leads to a larger Coulombic force with NR4
+
 groups. The diffusion 
coefficient of a bicarbonate ions is slightly higher than that of  hydroxide ions under the 40% and 
50% relative humidity conditions, shown in Figure 5.5 and Figure 5.6; . The reason is that the 
bicarbonate ions have a larger van der Waals force with backbone systems than hydroxide ions, 
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which tends to immobilize bicarbonate ions more than hydroxide ions. However, when the 
relative humidity level raises to 60%, the mobility of hydroxide ion is higher than that of 
bicarbonate ions. Since the size of hydroxide ion is smaller than the bicarbonate ion, the well-
formed hydration shell may be created first when the water amount is up to a certain level, and 
then these floating ion hydrations could increase the mobility of hydroxide ions significantly. 
5.3.2 Structure of Molecular System 
The intermolecular RDFs for two pairs of atoms under four different humidity conditions 
(CO3
2-
:H2O = 1:70, CO3
2-
:H2O = 1:50, CO3
2-
:H2O = 1:30, CO3
2-
:H2O = 1:10) are shown in 
Figure 5.7. One is nitrogen atoms in NR4
+ 
and carbon atoms in CO3
2-
 (N-C), the other one is 
nitrogen atoms in NR4
+ 
and carbon atoms in HCO3
-
 (N-C). The difference of this model from the 






 ) are built in a single system with 






  are 1:1:1 under the condition of 
neutral balance. There are indications from the molecular modeling, that the change of the 
number of water molecules can influence the precipitation rates of ionic species on the solid 
surfaces of the IER. 
In a wet surrounding (CO3
2-
:H2O = 1:70, CO3
2-
:H2O = 1:50), the hydration clouds of all 
ions are so large such that the anions can hardly approach the cations RH4
+
, shown in Figure 5.7 




 ions near the 
NR4
+ 
 groups are a little higher than that averaged in the whole system, because the atomic forces 
between NR4
+ 
 groups and anions are larger than the ones between water molecules. The 
probability of appearance of HCO3
-
 ions in the vicinity of RH4
+






With less water molecules (CO3
2-









 both become smaller. This, in turn, gives an energetic advantage 
to the mono-valent HCO3
-
 ion over the divalent CO3
2-
 ion that does not match the NR4
+
 single 
cationic charge. The presence of competition for one CO3
2-
 ion is between the two monovalent 
NR4
+
 cations. Therefore, the NR4
+
 quaternary ammonium cations do not comfortably 
accommodate carbonate ions into the structure. The part of unfitted CO3
2-
 ions containing 
hydration water are more likely to be located at 4.3 Å and 7.0 Å. On the other hand bicarbonate 
ions can easily fit to NR4
+
 cations and the favorable distance between them is at 4.5 Å, shown as 
Figure 5.7(c). As a result, as the humidity level decreases, the HCO3
-
 ions are more likely to 
precipitate than CO3
2-
 ions, and favors a more alkaline surrounding. The larger amount of OH
-
 
ions in dry condition is more conducive to capture CO2. This discovery may provide an 
explanation for the underlying mechanism of IER absorbs CO2 in dry and release CO2 in wet.  
At even lower humidity (CO3
2-
:H2O = 1:10), both carbonate ions and bicarbonate ions 
precipitate completely. One obvious peak shows at distance of 4.5 Å, shown as Figure 5.7(d). 
The sharp peak at distance around 4.5 Å is an indication of the strong columbic force and van der 
Waals force of NR4
+
 cations associated with CO3
2-
 anions in S1 or HCO3
-
 anions in S2. The 
attracted CO3
2-
 anions and HCO3
-
 anions are more likely to be located in the vicinity of the NR4
+ 
 
groups on the IER network in the dry condition. Under this condition, the mechanism of CO2 
capture by IER was explained elsewhere
115
. The intermolecular RDFs for two pairs of atoms 
under more humidity conditions (CO3
2-
:H2O = 1:5 to CO3
2-





(a)                                                                        (b) 
 
(c)                                                                        (d) 
Figure 5.7: Intermolecular radial distribution functions between 1) Navy color: N atoms in NR4
+
 
and C atoms in CO3
2-
 of S1.  2) Red color: N atoms in NR4
+
 and C atoms in HCO3
-
 of S2. These 
two RDFs are calculated under three humidity conditions: a) CO3
2-





:H2O = 1:30, and d) CO3
2-
:H2O = 1:10 
In summary, the work in this Chapter reports the results of MD simulations of moisture-
swing CO2 sorbent with carbonate ion system and bicarbonate ion system under different 
humidity conditions. The transport characteristics and structures of ion species are explored with 
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different numbers of water molecules. The diffusion coefficients of water molecules and anions 
provide helpful insights, from a molecular level perspective, for designing a CO2 sorbent with 
better dynamic performance. The CO2 capture efficiency can be enhanced according to increase 
the ion diffusion rates, which could be realized by using different support materials with 
different characteristics like hydrophobicity and cation species. The molecular structure analysis 
states the different precipitation rates of carbonate ions and bicarbonate ions. In a drier 
surrounding, bicarbonate ion that precipitates out first leaves behind a more alkaline solution, 
which may promote the absorption of CO2. This finding may provide an elucidation for the 




Chapter 6 Kinetic Analysis of an Anion Exchange 
Sorbent  
This chapter is derived from the paper “Kinetic Analysis of an Anion Exchange Sorbent 
for CO2 Capture from Ambient Air”, which is to be submitted. 
Chapter 2 studied the underlying mechanism of a moisture swing sorbent for CO2 capture 
from air. Chapter 3 calculated the effects of sorbent parameters on the working performance of 
nanoporous CO2 sorbent. Chapter 4 discovered the hydrolysis of a series of basic salts in 
nanopores and ambient air surroundings. Chapter 5 presented the structure and diffusivity of 
molecules in moisture swing CO2 sorbent. This chapter reports a preparation method of a new 
moisture swing sorbent for CO2 capture from air, by using polyvinyl chloride as binder and ion 
exchange resin powder. The resin, with quaternary ammonium cations attached to the polymer 
structure and carbonate groups as mobile counter-ions, can absorb CO2 when dry and release 
CO2 when wet. The membrane structure, kinetic model of absorption process, performance of 
desorption process and the diffusivity of water molecules of the moisture swing sorbent are 
studied. It has been proved that the kinetic performance can be improved by using thin binder 
and hot water treatment. The impressive is this new CO2 sorbent has the fastest CO2 absorption 






In order to compensate for CO2 emission to ambient air, moisture swing sorbent for air 
carbon dioxide capture was first suggested by Lackner in 2009
18
, which provides a novel 
approach to absorb CO2 in dilute streams. The absorption/desorption process of this CO2 sorbent 







 performance of the resin-based sorbent (I-200) has been 
revealed systematically. 
Increasing absorption capacity is a significant task for thermal-swing CO2 sorbent
24
 due 
to the high cost on the regeneration of sorbent. Kinetics improvement is a more interesting factor 
for moisture-driven sorbent due to the low cost of the regeneration part
136
. The energy 
consumption and cost can be reduced significantly according to increase the absorption rate of 
CO2 sorbent. The objective of this study is to propose a new moisture swing CO2 sorbent (P-100) 
by using ion exchange resin (IER) with polyvinyl chloride (PVC) as a binder. Note that P-100 
means the binder of the absorbent is made by PVC with the thickness 100 micron. The kinetic 
characterization of the new CO2 sorbent has been enhanced significantly comparing to sorbent I-
200
26
, which is manufactured and named by Snowpure LLC, California. I-200 is manufactured 
by coextrusion of a matrix polymer (polypropylene) and IER comprising quaternary ammonium 
functional groups. The preparation process of this new sorbent is introduced first. The analysis of 
kinetic performance is presented next based on the SEMs of sorbent structures, CO2 




6.2 Materials and Preparation Process 
6.2.1 Materials 
A heterogeneous ion-exchange material in the form of a flat sheet is produced in this air 
capture CO2 study. The material includes: 1) an Ion Exchange Resin (IER)
18
, which is composed 
of a polystyrene backbone with quaternary amine ligands attached to the polymer. The resin can 
be made up from 20% to 60% of the weight of the membrane. 2) Polyvinyl chloride (PVC) is a 
widely produced synthetic plastic polymer which was used as a binder. 3) Tetrahydrofuran is an 
organic compound with the formula (CH2)4O which was employed a solvent to mix IER and 
PVC. Note that Tetrahydrofuran can only dissolve PVC. 
6.2.2 Preparation of Anion-exchange Sorbent 
Heterogeneous anion-exchange sorbents were prepared by a solution dip-coating 
technique
138
. For sorbent preparation, the IER particles were ground in a ball mill and then 
filtered by using a mesh with 44~74 micrometer openings first. Then, the PVC solid was 
dispersed into THF solvent in a glass reactor which was equipped with a mechanical stirrer for 
more than 5 hours. The PVC solid to THF solvent ratio is 1:20. Next, powdered resin particles 
(44~74um) were added into the PVC and THF solution. The mechanical stirrer stirred vigorously 
at room temperature for 30 min to mix PVC and THF uniformly. The resin to PVC weight ratio 
is 1:1 and the total solid to THF solvent ratio is 1:10 (w/v) 
139
. After the mixing was complete, 
the dip coating method was used to coat material on a dry clean glass plate. This process 
generated anion-exchange sorbents whose thickness was 100 micron. They were dried at an 
ambient temperature 25 ̊C for 30 min, and then the almost dried sorbents were immersed in 
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distilled water. Lastly, the produced sorbents were heated in 90 ̊C hot water for 48 hours. 
Afterwards, they were ready-to-use.  
6.2.3 The Absorption Capacity of CO2 Sorbent 
The Mohr method was used to determine the effective resin’s ion charge density 𝜌𝑐 of the 
P-100 sorbent is 1.58 mol/kg. CO2 capacity 𝑄𝑒𝑠𝑡 was 17.69 L/kg estimated by 𝜌𝑐  at standard 
condition. The CO2 capacity Q  was also measured by experiments, and the value was 16.4L/kg. 
The effective charge density and CO2 capacity of sorbent can be both enhanced according to 
increase the weight ratio of resin to PVC during the preparation process.  
6.3 Experimental Methods 
6.3.1 Absorption Experiment 
The experimental device with humidity control was set up to measure the half-time (the 
time when the absorbent reaches half of its capacity) of CO2 absorption by P-100 sorbent. A 
layout of the device is shown in Figure 6.1. The CO2 concentration changes were recorded with 
two infrared gas analyzers (IRGA). Measurements were taken once per second. The sorbent 
samples were treated by hot water under different water temperatures for 48 hours (25 ̊C warm 
water (P-100-25C), 50 ̊C hot water (P-100-50C), 90 ̊C hot water (P-100-90C)). Three P-100 
samples and an I-200 sample, containing the same resin load, were immersed in 1.0 M sodium 
carbonate solution for 2-4 hours
26
. The solution was stirred to enhance ion exchanges rate. 
Samples were washed by 1.0 M sodium carbonate solution for 4-5 times until no bicarbonate 
ions could be detected on them, and then washed by plenty of DI water to flush away the sodium 
carbonate solution residues on samples. Wet and fresh samples (each one containing 0.30g IER ) 
were put into a sealed chamber one by one and flushed with 2L/min zero CO2 dry air, and the air 
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water concentration of air at outlet was measured to determine whether the samples were 
sufficiently dried. The drying process continued until the water concentrations of inlet and outlet 
were same, with 1% error. 1 L/min Air, containing 400 PPM CO2, went through a dew point 
generator with 30% relative humidity, flowed over sorbent samples. The entire absorption 
process would last until CO2 concentrations were same at inlet and outlet, with 1% error. 
 
Figure 6.1: Schematic of Experimental Device. We can track the absorption of carbon dioxide 
by measuring the carbon dioxide content of the gas in the chamber of sorbent sample. The device 
can control the water vapor level in the closed gas circulation system by dew point generator. We 
can determine the absorption time of CO2 by sorbent in the test sample chamber.  
6.3.2 Desorption Experiment 
The absorbed CO2 was released when the sorbent P-100 or I-200 was exposed to a high 
humidity surrounding or liquid water surrounding. Meanwhile, the sorbent kept on absorbing 
water vapor from air when it was put into a higher humidity surrounding until it reached tan 
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equilibrium state. The absorbed water molecules lead to the sorbent weight increase. This 
experiment was to point out the reason of this sorbent owning better kinetic characteristics by 
analyzing the equilibrium time of the increase of sorbent weight and CO2 desorption process. 
The diffusion coefficients of water molecules in four samples were calculated by the weight 
changes of samples. Diagram of the experimental device is shown as Figure 6.2 
 
Figure 6.2: Schematic of Experimental Device. The total amount of carbon dioxide on the 
sample and in the gas volume is constant. We can track the absorption and desorption of carbon 
dioxide by measuring the carbon dioxide content of the gas. The device can control the water 
vapor level in the closed gas circulation system. We can determine and characterize the process 
of CO2 absorption/desorption and weight change of sorbent in the test sample chamber   
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Four samples (25 ̊C warm water treated P-100, 50 ̊C hot water treated P-100, 90 ̊C hot 
water treated P-100, and I-200) containing the same resin load, were first exposed to pretreated 
air without water vapor for two hours, in order to completely dry and load the samples. Next, set 
a same initial environment of dew point 15 
◦
C and 400 ppm CO2 in the closed experimental 
device for four samples. The weight change of each sample and the CO2 concentration change in 
the chamber due to CO2 released from each sample were measured separately. A humidity 
controller was employed to maintain a constant humidity in the chamber through PID control. 
The CO2 concentration increase was recorded every second by infrared gas analyzers (IRGA). 
6.4 Results and Discussion 
6.4.1 Sorbent Structure Analysis 
The structures of the P-100 sorbents treated by hot water with different temperatures 
were studied by SEM (Agilent Technologies, SE 1000V) as shown in Figure 6.3. Obviously, 
exposed to a hot-water treatment, anion-exchange resin particles swelled and expanded pushing 
away the PVC binder, resulting in the formation of narrow cavities between anion exchange 
particles and PVC matrix and larger amount of pores in PVC materials. 
The following Figure 6.4, micro-structure schematic of P-100 sorbent can express the 
percolation of P-100 sorbent clearly. After treatment of 50 
◦
C hot water, some small islands of 
interconnected particles appear; After treatment of 90
◦
C hot water, these connections grow and 
form extended pathways. More and more ion exchange resin particles are connected by channels 
if the connections keep growing. The chance of the appearance of percolation threshold can 
increase the speed and range of air diffusion inside the sorbent. According to the observation of 





 due to the thinner thickness of membrane and the more continuous channels inside the 
sorbent. Moreover, reaching the percolation threshold may further promotes the conduction level 
between surrounding air and resin particles. Therefore, treating P-100 by high temperature water 
may promote resin particles to be exposed to ambient air surrounding, thereby further improve 
the working performance of this moisture-swing CO2 sorbent.     
 
(A)                                            (B)                                          (C) 
Figure 6.3: SEMs of P-100 sorbents treated with different hot water temperatures. (A) 25
◦
C 
water treated sample P-100-25C, (B) 50
◦
C water treated sample P-100-50C, and (C) 90
◦
C water 






Figure 6.4: Schematic micro-structure of P-100 ion exchange sorbent (A) 25 
◦
C water treated P-
100-25C, (B) 50 
◦
C water treated P-100-50C, (C) 90 
◦
C water treated P-100-90C 
6.4.2 Absorption Half-time 
The kinetic characteristics are significant factors for moisture-swing CO2 capture sorbent. 
Absorption kinetics of the sorbent are determined by mass diffusivity in the materials, heat 
transfer into and out of the pores, and intrinsic chemical reaction rates
20,136,140
. As a preliminary 
assessment of the CO2 absorption kinetics of these air capture sorbents, absorption half time is an 
assessment factor
20
 to evaluate the absorption rate of CO2 sorbent. The absorption half time of 




= 𝑇𝐻2𝑂 + 𝑇𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 6.1 
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𝑇𝐶𝑂2  is the time for CO2 absorption by sorbent from fresh-empty status to full-loaded status, 𝑇𝐻2𝑂 
is the absorption time for water on sorbent; 𝑇𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 is the time of intrinsic chemical reaction. 
The half times of sample P-100-25C, P-100-50C, P-100-90C, and sample I-100 were measured 
by experimental device in Figure 6.1.  
Figure 6.5 displays the half times of the four different samples under simulated air 
capture condition (30% relative humidity, 400ppm). Other half times of current air capture CO2 
sorbents
20,141
 in literatures have also been presented. 
 
Figure 6.5: Comparison of CO2 absorption half times and capacities of different sorbents 
 
The sample P-100-90C has the best kinetic characteristics comparing with the other three 
moisture swing CO2 sorbents. The 31.8 min half time is also the shortest half time in all air 
capture sorbents which have been reported by other literatures up to date. Obviously, the kinetics 
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of P-100-90C treated by 90 
◦
C hot water is better than the other two P-100 sorbents, because the 
treatment by high temperature water enlarges the surface of resin to be exposed to the ambient 
air. This leads to the absorption rate of water molecules on IER  is much faster than the other two 
P-100 samples, meaning the smaller 𝑇𝐻2𝑂  value. More existing water molecules on P-100-90C 




 which can absorb a larger amount of CO2 under the same 
time range. The higher reaction rate means the smaller 𝑇𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 value. 
I-200 moisture swing CO2 sorbent was also already treated by 90
◦
C hot water but still had 
a longer half time than those of three P-100 samples. The reason is the thickness of I-200 sorbent 
is 640 microns which is much thicker than the 100 microns thickness of P-100 sorbent. Much 
more time is consumed by water vapor to permeate into I-200 sorbent to contact with the inside 
resin particles, which is wrapped by polypropylene matrix binder.  
6.4.3 Absorption Kinetic Model of Sorbent 
The kinetic absorption of P-100-90C sorbent was analyzed by Lagergren pseudo first-
order model
142
, which has been most frequently employed to present absorption dynamic process 
under various conditions. 
         
     
q is absorption quantity at time t,  k is constant number, 𝑞𝑒 is equilibrium isotherm absorption 
capacity. Integrating Equation 6.2 with boundary conditions (a) t=0, q=0; (b) t=t, q=𝑞𝑒 




= 𝑘(𝑞𝑒 − 𝑞) 6.2 




Experimental data of absorption amount of CO2 by P-100-90C sorbent was recorded per second 
according to the experimental device Figure 6.1. k values were determined by Equation 6.3. 
Figure 6.6 shows that pseudo first order model fits the absorption kinetic data of ion-exchange 
P-100-90C sorbent with the coefficient of determination 0.98. 
 
Figure 6.6: Comparison of kinetic model and experimental data of absorption performance 
 
 
6.4.4 Desorption Kinetic Performance 
A moisture swing CO2 sorbent can release CO2 back to the air in a wet surrounding
18
. 
The desorption kinetic characteristics of moisture swing sorbents are mainly influenced by the 
diffusion rate of water molecules in sorbent, Tw , and the diffusion rate of desorbed CO2 from 
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inside of sorbent to ambient air, Tc. This study focuses on analyzing the impact of these two 
factors on the desorption rate. 
To determine the diffusion coefficients of water molecules in the four sorbents, the 
moisture uptake percentage, was determined from the Equation 6.4 
Where 𝑀𝑡 is the total amount of water content absorbed by sorbent samples at time t, 𝑀𝑑 is the 
original weight of the dry samples. The diffusivity D, was determined from the slope (K) of the 
initial linear region of the percentage moisture uptake 
𝑀𝑡
𝑀𝑑
 versus √𝑡 curve
129,143
.  
Where h is the thickness of the sample, t is exposure time and 𝑀∞ is the maximum moisture gain. 
Figure 6.7 7 illustrates the desorption process of four sorbents. Four samples are 
comparable because they have same weight of resin particles about 0.30g. The same weight of 
resin particles can maintain the equilibrium concentration of CO2 is between 1900ppm and 
2000ppm under the same condition of dew point 15 ̊C in the experimental device, shown as 
Figure 6.2. . The samples increasingly absorb water molecules over time, which leads to their 
weights reach to equilibrium values under the certain water vapor partial pressure. Absorbed 
water molecules is conducive to desorb CO2 from full loaded sorbent. The released CO2 from 
sorbent increases the CO2 concentration in device. The diffusion coefficients of water, as well as 

















                                         (a)                                                                  (b) 
 
 (c)                                                                   (d) 
Figure 6.7: CO2 desorption process of four sorbents (a) P-100-90C Sorbent, (b) P-100-50C 
Sorbent, (c) P-100-25C Sorbent, (d) I-200 Sorbent. Left Y-axis is sorbent weight, and right Y-
axis is CO2 concentration. 
 D(m
2
/s,× E-12) Tw (s) Tc(s) T (s) 
(a)P-100-90C 6.503 1020 1086 66 
(b)P-100-50C 2.536 1740 2462 722 
(c)P-100-25C 1.842 7200 10628 3428 
(d)I-200 58.464 6300 8970 2670 
Table 1. Diffusion coefficients of water, equilibrium times of water and CO2 in four samples 
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Comparing Table 1 (a), (b) and (c), the diffusion rate of water is higher for the sorbents 
are treated by higher temperature water. The higher diffusion rate is due to sorbent has more 
pores in PVC matrix, larger narrow cavities between IER particles and PVC binder, and also 
expanded channels in IER particles. These characteristics greatly promote the diffusion rates of 
H2O and CO2 in sorbent. Water with high diffusion rate can reach to HCO3
-
 ions more quickly 
and released CO2 can escape from sorbent more rapidly. For P-100-90C sorbent, the equilibrium 
time difference T  between Tw and Tc is smallest ∆T=66s. It means the desorbed CO2 diffuses 
out of the sorbent requiring 66s after water increase reaches to equilibrium on sorbent. However, 
∆T of P-100-25C is as long as 3428s. It shows even though ample water provides surrounding 
for HCO3
-
 ions to release CO2, the released CO2 is still trapped in sorbent for some time. The 
narrow channels in IER of P-100-25C also slow down the CO2  diffusion rate because of relative 
high CO2 partial pressure around bicarbonate ions, which is not conducive for desorption.   
Comparing (a) and (d), both sorbents has been treated by 90
◦
C hot water. Resins on the 
two sorbents have similar structural features. Though the diffusion coefficient of water in I-200 
is much larger than the one of P-100-90C, the water equilibrium time of P-100-90C is much 
smaller than those of I-200 due to the different binder materials of two sorbents. The hydrophilic 
polypropylene binder may also contribute to the initial water diffusion for I-200 more than the 
hydrophobic PVC binder for P-100-90C. Also, the polypropylene of 640 micron thickness takes 
more time for water diffusion than the 100 micron PVC.  
I-200 also has longer time for CO2 release to ambient air. 44~74um resin particles are 
inlayed in 640 micron polypropylene of I-200 sorbent. The narrow, tortuous and long paths 
between resin particles and polypropylene are against to CO2 diffusion, however, same 44~74um 
rein particles can almost penetrate the 100 micron PVC for P-100-90c sorbent, contacting with 
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atmosphere directly is benefit to desorption performance. Hydrophilic polypropylene binder 
attracts part of absorbed water molecules attaching to it in I-200 sorbent, which water can not 






This Chapter introduces a new moisture swing CO2 sorbent by using a new polymer 
material PVC as binder for the IER. The preparation process, sorbent structure, kinetic model, 
absorption and desorption characteristics are analyzed. The CO2 absorption rate is nearly three 
times as fast as the one of polypropylene CO2 sorbent,  and also three to ten times as fast as 
amine-tethered solid sorbents. This fast absorption/desorption rate is with the benefit of a thin 
binder for IER. This new sorbent provides a way of designing a moisture swing CO2 sorbent 









Chapter 7 Conclusions and Future Work 
7.1 Concluding Remarks 
In this dissertation, by using nanomaterials or anionic exchange resins, we control the 
water activity and thereby modify ion hydration states inside nanoscale spaces. We have 
demonstrated in simulations and experiments that the nanoconfined ion hydration in 
nanomaterials can absorb CO2 from ambient air when the surrounding is dry while it will release 
CO2 when the surrounding is wet.  
The dissertation begins with an explanation of the molecular mechanism that underly the 
moisture swing in ion exchange based sorbent for CO2 capture from air. The calculated free 
energy change during the hydration of ions shows that the sorbent system energetically prefers a 
combination of bicarbonate and hydroxide ions over carbonate ions in a dry environment. The 
large hydroxide ion is more attractive for absorbing CO2 as it readily reacts with CO2 to form 
bicarbonate. The higher degree of hydrolysis of carbonate ions that exists in a relative dry 
environment cannot be produced or observed in an aqueous solution. In the presence of large 
amounts of water the reaction reverses bicarbonate and hydroxide from carbonate and water. 
This counterintuitive phenomenon is verified by both simulation and experiment. It can be 
applied to other basic and acidic ions. The molecular dynamic calculations that verify the 
moisture swing can also be used to shed light on the fundamental chemical reactions between 
ions and water molecules in a confined space of nanoporous materials. Based on this discovery, a 
nano-structured CO2 sorbent is developed to capture CO2 from dry ambient air spontaneously, 
while it releases CO2 in a wet surrounding for regeneration. The conversion between absorption 
and desorption of this novel sorbent can be driven just with inexpensive water quantities instead 
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of expensive heat energy. The novel CO2 sorbent is designed for dealing with the global 
warming. 
In the subsequent chapters we study the effects of nanopores size, the characteristics of 
the confining layers, the ion charge density and the temperature on the efficiency of the moisture 
swing CO2 capture system. We do this by analyzing how the concentration of hydroxide ions 
changes as the function of the water quantity present. In parallel CO2 absorption experiments are 
carried out on nanomaterials to verify the working principles and parameter effects. The 
methodology of combining MD for analyzing complex systems with QM for simple chemical 
transitions, allows us to calculate transition energies for dry and wet equilibria, by transitioning 
from a physical state to a hypothetical near vaccum state, where chemical reactions can occur 
without interference of large numbers of molecules. This technique provides a more efficient 
way to study this and similar problems.  
The higher degree of the hydrolysis reaction between carbonate ion and water molecules 
at solid/water interface in a relative dry environment, is also applicable to some other weak base 
and weak acid ions. We have demonstrated this to be the case for some divalent and trivalent 
base ions, and shown that the opposite is true for certain univalent ions. A better understanding 
of the underlying mechanism and extensive parametric studies will help a developed design of 
more efficient energy-saving water-driven CO2 capture absorbent. The parametric optimization 
investigation may be carried out in the future. 
Through quantum mechanical modeling we have demonstrated a series of unconventional 

















) containing several water molecules are significantly different from those in bulk 
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water. The hydrolysis degrees can be controlled by adding or removing water. Moreover, the 
reaction free energy of hydrolysis of basic salts were decomposed to enthalpic component and 
entropic component. The enthalpy change with different number of water molecule are dominant 
component in the free energy change of hydrolysis of basic salts. This unique mechanism sheds 
some light on a vast number of chemical processes of hydrated ion pairs in nanoscopic pores and 
in the natural atmosphere. The finding is also suggested that the multiple valence acidic ions can 
hydrolyze H2O to create larger amount of protons with the decrease of water amount. 
Furthermore, the discovery also has wide potential applications, like design novel absorbents to 
capture acidic gases against traditional sorbents.  
In order to discover other mechanisms which can drive the moisture swing sorbent to 
capture CO2 in dry and lease CO2 in wet, the transport abilities and structures of ion species 
under different amount of water molecules were explored. We report the results of MD 
simulations of IER with carbonate ion system and bicarbonate ion system under different 
humidity conditions. The diffusion coefficients of water molecules and anions provided us 
critical information from molecular level, which can be used to design better CO2 sorbent with 
benefit of improved dynamic performance. The molecular structure analysis states the different 
degrees of precipitation of carbonate ions and bicarbonates. In dry surrounding, bicarbonate that 
precipitates out first leaves behind a more alkaline solution may promote the absorption of CO2. 
Besides atomic modeling, we produce a new moisture swing CO2 sorbent by using a new 
binder PVC. A better kinetic characteristics of this new sorbent is described and analyzed. Its 
fast absorption/desorption rate is with the benefit of a thin bind holder for IER. This new sorbent 
provides a way of designing a moisture swing CO2 sorbent with a high absorption rate in future. 
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7.2 Recommendations for Future Work 









 ions, H2O, CO2 and IER backbones, should be 
built for calculating the diffusion coefficients of molecules with chemical reactions. ReaxFF in 
Molecular Dynamics can be applied to model this kind large system with chemical reactions 
because of the requirement of breaking and forming bonds. The diffusion coefficients provided 
from molecular level calculation can be used to design high efficient CO2 sorbent.  
The optimal parameters for a CO2 sorbent could be found in the future. For example, 
more detailed calculations could determine the optimal layer distance of the confining layers, and 
it could be used to choose a nanoporous material containing appropriate pore size. The optimal 
distance of cations can be applied to choose the most suitable charge density of IER for CO2 
capture. These information can help us to design next generation CO2 sorbent with high capacity 
and fast absorption rate, which can greatly save costs. 
The activation energy change with the change of the number of water molecules is also 
an interesting study. The proton transfer in hydration shells may decrease the activation energy 
level thereby increase the rate of chemical reaction which is also being explored currently.  
Finally, the study in this dissertation belongs to chemical physics. The study content is 
the interaction of water molecule with ions, which are usually hydrated carrying from several to 
several tens of water molecules when present in the natural atmosphere or on solid porous 
surfaces. Interfaces with hydrated ions play an important role in a wide range of natural and 
fundamental processes, such as environmental chemistry, electrochemistry and corrosion. More 
related work in this field can also be studied by using the knowledge of chemical physics to 
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explain results and guide future investigation. We can explore chemical structures and reactions 
at the quantum mechanical level, elucidate the structure and reactivity of gas phase ions, and 
discover accurate approximations to make the physics of chemical phenomena computationally 
accessible. We also hope this study can open a vast scope of new chemistry in atmospheric and 
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